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ABSTRACT
The formation of boron carbide from BC1 ~CH. and BC1 -H -CH -Ar
3 4 3 2 4
mixtures in an RF plasma was studied and compared with a previous 
study of the formation of boron from BCl^-H^-Ar mixtures. The yields 
of boron carbide were determined under a variety of conditions and 
the product examined for composition and crystal structure. The 
products were finely divided powders. X-ray diffraction analysis of 
boron carbide showed that up to 14.6 wt.% carbon, B C was formed.
J.O Z
Between 14.6 wt.% and 21.7 wt.% carbon the additional carbon was
incorporated into the lattice by random substitution for boron atoms
in the B _ icosahedra. Further carbon appeared as free graphite, 
xz
The yields of boron and boron carbide were compared with 
thermodynamic calculations. It appears that a solid boron phase 
starts to settle out as the temperature in the plasma fail-flame 
falls to 2300 - 2500 K and continues to settle out until the 
temperature has fallen to approximately 1900 K. At this temperature 
the equilibrium conversion of boron trichloride to boron or boron 
carbide is a maximum. At low reactant flow rates, the experimentally 
determined amount of reaction was in close agreement with maximum 
equilibrium conversion. At high flow rates, the amount of reaction 
decreased. Below 1900 K the solid phase becomes unstable with 
respect to the gaseous reactants, but the reverse reactions did not 
appear to take place.
Spectroscopic and thermodynamic studies indicated the most 
important radical was BG1. The radicals BH, B and BCl^ were also 
detected. Dichloroborane, BHC1 , was also formed as a reaction 
product of mixtures containing methane.
(iii)
The formation of boron appears to be initiated by the 
condensation of small boron nuclei followed by chemical vapour 
deposition by reaction of BC1 with the nuclei. The role of hydrogen 
is purely as a scavenger for chlorine.
In the formation of boron carbide, there appear to be two 
competing reactions,
(a) BC13 + nCH --   B4C + (n-J) C
(b) CH4  » C
and the driving force is again the formation of HC1. The formation 
of boron carbide is initiated by the formation of a carbon-rich 
nucleus which then undergoes chemical vapour deposition reaction 
with BC1 molecules. The final composition of the product is 
determined by the composition and flow rate of the reactants.
(iv)
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1. INTRODUCTION
The terra 'plasma* is used to describe a gas ionised by the 
passage of an electrical discharge. Although such discharges have 
been studied for almost one hundred years, their application to 
chemical processing is comparatively recent. In 1965 the United 
States Borax Research Corporation undertook a research programme 
to investigate the use of plasma techniques in the synthesis of 
boron compounds. Partly in response to commercial interest, the 
first part of this programme was devoted to a study of the formation 
of the element boron. Later, the programme was expanded to include 
the synthesis of other refractory materials, including boron carbide 
The choice of boron carbide as the subject of the present 
study was made for several reasons. The reaction by which it is 
synthesised is similar to that used in the earlier study of the 
formation of boron (33), i.e. the reduction of boron trichloride.
By a comparison of the two processes it was hoped that further 
information on the reaction kinetics and mechanism could be obtained 
Most workers consider that, because plasma conditions are far from 
isothermal, the conventional ideas of reaction kinetics cannot be 
applied. This need not be so, however, since most of the reactions 
in the tail-flame are recombination processes which have virtually 
no activation energy.
In addition, the product is itself of considerable interest. 
It is probably the hardest material that can be produced without 
recourse to high-pressure techniques. This property makes it a 
desirable material for use in wear-resistant applications (e.g. 
shot-blast nozzles, wire-drawing dies and low-friction gas bearings)
either in pure form or as a composite. Because it also has a
—3
low density (2.31 g. cm ) it is used as lightweight armour 
plating. The neutron capture cross-section of the nucleus 
makes boron carbide suitable for use as a nuclear shielding 
material.
These applications require boron to be fabricated into 
components, a procedure that involves compaction of boron carbide 
powder in a heated mould ('hot pressing'). To achieve the 
required properties in the finished article, a finely-divided 
powder is required. Because it is so hard, comminution of boron 
carbide powder by grinding is expensive. This is illustrated in 
the figure below, which shows the price of boron carbide powder 
(U.K. prices, 1974) as a function of the mean particle size.
The high temperature and rapid quench rate obtained in plasma 
reactors favour the formation of very finely divided powders.
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Finally, the plasma reactor offers a unique method for 
preparing homogenous, finely-divided boron carbide powder 
having any desired composition. By X-ray diffraction analysis 
of the powders obtained during the course of this work, information 
on the structure of boron carbide was sought.
This thesis describes results obtained during this work 
and the conclusions that were drawn from these results taken 
with those reported previously (33) for the formation of boron.
CHAPTER 2
THE BORON-CARBON SYSTEM
2. THE BORON-CARBON SYSTEM
2.1. Introduction
The physical, chemical, nuclear, mechanical and electrical 
properties of boron carbide have made this material the subject 
of continuing research since its discovery about eighty years ago. 
Boron carbide has found a wide range of commercial applications 
and, in addition, the question of the composition and structure 
of the phases formed in the boron-carbon system is the subject 
of a debate which still continues.
One of the earliest reports of the synthesis of a compound 
of boron and carbon was that of Moissan (1) who heated together 
a mixture of boric oxide ..and carbon in an electric furnace and 
obtained a product, probably impure, which he recognised as new. 
Subsequently several different methods were used to prepare what 
was then believed to be a range of boron carbides of different 
compositions. Thus while Moissan reported his product as having 
the composition BgC, Podszus (2) reported the synthesis of BC,
B2C> b3c , B4C and BgC.
The confusion over the composition of the product arose 
principally because the only analytical method available to the 
early workers was total chemical analysis. The fused lumps of 
product given by the various preparative methods could not easily 
be crushed, and the lack of reactivity of boron carbide, boron 
and carbon made the separation of these materials difficult. 
Furthermore the elemental boron used in some of these preparations 
undoubtedly contained boron sub-oxide, BgO. Chemical analyses 
indicated oxygen contents of about 5 wt %, corresponding to an
- 7 -
oxide content of 25 wt %. The formation and thermal decomposition 
of this oxide may have contributed to the range of boron contents 
determined in these so-called ’compounds’.
It is interesting that the views as to the composition of 
the most stable phase have almost come a full circle since 
Moissan's work. For nearly forty years, it was held that the 
composition of the most stable phase was BgC, then Ridgeway (3) 
reported that rhombohedral crystals obtained under controlled 
conditions had the composition B4C. Twenty years later it was 
proposed by Zhdanov, Zhuravlev and Zevin (4) that an additional 
phase B13C2 (or Bg^C) could be found. This was confirmed by 
Zhdanov et al. (59) and it has now been established that this 
phase is the most thermodynamically stable (6, 54). The existence 
of the composition B4C as an ordered boron carbide phase has 
recently been questioned (6).
2.2. Synthesis of Boron Carbide
2.2.1. Introduction and background
The synthesis of boron carbide is usually carried out by 
reduction of a boron compound in the presence of carbon. There 
are three principle methods:
1) reduction of boric oxide with carbon
2B2O3 + 7C --^ B4C + 6C0 A H ^ g g  = 439.5 Kcal/mole
thermodynamically feasible above 1850 K
2) reduction of boric oxide with magnesium in the presence of 
carbon
2B203 + 6Mg + C --> B4C + 6MgO AH°29g = "264.2 Kcal/mole
thermodynamically feasible below 2400 K
3) reduction of a boron halide with hydrogen in the presence of 
carbon
4BX„ + 6H + C _____ } B.C + 12HXu Z 4
Boron carbide may also be synthesised by direct combination 
of the elements
4B + C  > B^C AH°29g = -9.3 kcal/mole
thermodynamically feasible below 3032 K 
or by the reaction between boron nitride and carbon or carbon 
monoxide or a mixture of carbon disulphide and hydrogen (2, 7).
The choice of a route to boron carbide is determined by 
the scale of the process and the purpose for which the boron 
carbide is intended. Thus for the large scale production of 
boron carbide grit for abrasive purposes, the carbothermic 
reduction of boric oxide by any one of several methods is used 
(see Section 2.2.2). The product is usually obtained in the form 
of lumps .or coarse granules.although by using special methods 
for obtaining an intimate mixture of boric oxide and carbon, 
powdered boron carbide can be obtained (11, 12). Some form of 
sorting or classification and crushing is necessary before the 
required particle size is obtained.
The production of boron carbide powder suitable for hot- 
pressing is carried out by the magnesio-thermic reduction of 
boric oxide. The by-product, magnesium oxide, is highly 
refractory and coats each grain of boron carbide as it is formed, 
preventing agglomeration into larger particles.
The reduction of a boron halide with hydrogen to form boron 
which then reacts with a graphite substrate or with a carbon 
precursor, e.g. a hydrocarbon to form boron carbide has not found
- 9 -
any commercially significant application. However the method is 
used to prepare coatings of boron carbide deposited on tantalum or 
tungsten wires for use in fibre-reinforced composites.
Although A. Joly (8) reported that carbides of boron were 
found during the preparation of so-called adamantine boron by the 
reduction of boric oxide by aluminium in the presence of carbon, 
credit for the first synthesis of boron carbide is usually given 
to Moissan (1). Altogether, three methods were described by 
Moissan for the synthesis of boron carbide.
i) An arc was struck between electrodes made from a 
composition containing boric oxide and carbon with aluminium 
silicate as a binder. The product was found to be contaminated 
with silicon carbide.
ii) Boron and carbon combined directly at high temperatures 
either in an arc or by indirect heating.
iii) Boron and carbon were dissolved in certain metals, 
usually silver or copper, and the metal was leached out with 
nitric acid.
The first report of boron carbide being synthesised from 
a boron halide was that of Pring and Fielding (9) who decomposed 
a mixture of boron trichloride and hydrogen on a heated carbon 
substrate.
2.2.2. Carbothermic reduction of boric oxide
The carbothermic reduction of boric oxide with carbon takes 
place by a two-stage process in which boron is first formed by 
reduction of the oxide and it then reacts with carbon to yield 
the carbide. This has been shown (10) by experiments in which 
pieces of impervious graphite were suspended in a mixture of
- 10 -
molten boric oxide and carbon. A layer of boron carbide was 
formed on the surface of the graphite which penetrated to the 
interior of the graphite until boronization was complete. The 
shape of the graphite pieces did not change during this process. 
Since boric oxide was unable to penetrate the graphite, these 
results were interpreted as showing that reduction of the boric 
oxide to boron in the melt must have taken place, following by 
diffusion of boron through the graphite. This hypothesis was 
supported by the further observations (11, 12) that the use of 
carbon black with boric oxide permitted a reasonable rate of 
reaction to be maintained at much lower temperatures (1900- 
2000°C) than were usually considered necessary (2300-2400°C).
The reaction is usually carried out in a furnace charged 
with a mixture of boric oxide and carbon black. Various designs 
of furnace have been used to overcome the problem of premature 
volatilization of boric oxide from the furnace at the reaction 
temperature. If this happens, a product rich in carbon is 
obtained in which the excess carbon precipitates out as fine 
veins of graphite which seriously affect the abrasive qualities 
of the product. The charge is generally heated either by the 
striking of an arc between two electrodes in the reaction 
mixture, or by resistance heating using the electrical 
conductivity of a carbon core in the charge to provide a current 
pathway. The products are formed in concentric zones surrounding 
the hot core. At the centre, where the temperature is 2200°- 
2500°C, fused or sintered boron carbide is obtained. An inter­
mediate zone containing a partly reacted mixture of boric oxide, 
carbon and boron carbide is formed at temperatures of 1900-2200°C.
- 11 -
The outer zone, which usually reaches a maximum temperature of 
1900°C consists largely of unreacted boric oxide and carbon which 
serve as thermal insulation. Carbon monoxide evolved during the 
reaction provides an inert atmosphere which is retained to 
pre.vsnt oxidation of the product while it cools. The different 
zones are then sorted and the product from the outer and inter­
mediate zones returned for re-processing,
It has been established (13) that the formation of boron 
carbide takes place by a peritectic reaction
B + (liquid phase rich in carbon) B^C
Thus it is important that the maximum temperature in the furnace 
does not exceed that above which the vapour pressure of boron 
becomes appreciable (see Fig. 1 ). This places an upper limit 
of about 2250°C if a product of composition B4C is required. In 
addition, slow cooling from 2250°C to 2100°C is necessary to 
allow the reversible peritectic reaction to take place.
Refinements to this process have mainly taken place in 
the methods by which the reactants are mixed before being charged 
into the furnace. Several different techniques of achieving an 
intimate mixture have been tried, the most successful being that 
of Ormour, Shafran and Rekov (11, 12) who briquetted a mixture 
of boric acid and carbon black. The briquets were dehydrated at 
800°C forming a porous sponge which on heating to a tempe rature 
of 1900-2000°C yielded relatively pure boron carbide in fine 
crystalline form.
More recent work has included reaction between boric oxide 
and carbon in a high intensity arc (79), during which it was 
claimed that elemental boron was also formed. The use of the 
transferred arc has also been investigated (80).
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Fig. 1. Vapour pressure curves of boron, carbon and boron carbide (25)
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2.2.3. Magnesio-thermic reduction of boric oxide 
The magnesio-thermic reduction of boric oxide, which takes 
place according to the equation
2B2O3 + 6Mg + C -- > B4C + 6MgO AH° = “264.2 kcal/mole
offers two advantages over the carbothermic process. The reaction 
involved is exothermic, and in addition, because both products are 
highly refractory, boron carbide grain growth is prevented by a 
layer of magnesium oxide which coats each particle. Thus boron 
carbide is formed having a much smaller particle size than can 
be obtained directly by carbothermic reduction. This is suitable 
for hot-pressing applications.
This process was developed by Gray (14) and by Dawihl (15) 
and is carried out by the mixing of the theoretical proportions 
of boric oxide and carbon in a ball-mill followed by the addition 
of a stoichiometric excess of magnesium and further mixing. A 
layer of oil is added to the top of the mixture to prevent its 
ejection during the reaction. Together with the CO by-product, 
it also serves to provide a non-oxidising atmosphere in the 
reaction vessel. The mixture is then fired in an open pot. 
Temperatures of about 1600°C are achieved, which are sufficiently 
low to avoid appreciable volatilization of the boron formed in 
the reaction. The composition of the product depends only the 
composition of the reactants and the success with which the loss 
of boric oxide from the reaction vessel can be prevented. Once 
the reaction mixture has cooled, the top layer of the product is 
discarded and the sintered mass crushed before being leached with 
sulphuric acid to remove the magnesium oxide. The boron carbide
- 14
powder is then filtered, washed and dried. When carried out on 
a scale of 5 kg boron carbide produced, the yield, based on boron 
use is approximately 70% and the product obtained has a mean 
particle size of 1-2 p. Products with particle sizes of 0.5-1 jam 
have been claimed, but the ultimate grain size of the powder 
formed during the reaction depends on several factors. These 
include batch size (and therefore, indirectly, the temperature 
attained), particle size of the reactants, and the thoroughness 
of mixing. Consistancy of control over these parameters is not 
easily achieved and the different results of different workers 
can probably be attributed to these factors.
The product from this process is suitable for the 
production by hot-pressing of components such as shot-blast 
nozzles and ceramic armour and for incorporation into other 
refractory mixtures for use where modification of the properties 
of boron carbide are required.
The capital costs of this process are relatively low, since 
sources of primary heat for carrying out the main reaction are 
unnecessary and the techniques of the subsequent crushing and 
leaching stages are well-established. Process economics are 
thus dictated by the scale of the operation and so are controlled 
by demand. The cost of the magnesium used for the reduction does 
however contribute significantly towards the cost of the product, 
and makes up approximately 35% of the total process costs.
2.2.4. Reduction of boron halides
Boron has four trihalides all of which can be reduced to 
boron and boron carbide. Some properties of these halides are
- 15 -
summarised in Table 2.1.
Table 2.1.
Properties of the Boron Trihalides
Mol. wt B.pt. °C % wt B T°C ( AG° = 0)
bf3 67.8 -101 15.94 3718
bc13 117.17 12.5 9.22 1452
BBr3 250.54 90.1 4.32 1010
BI3 391.52 210 2.76 -163
T°C (A G° = 0) is the temperature at which the Gibbs free energy 
is zero for the reaction
BX3 + 3/2 H2 --> B + 3HX (16)
The triiodide and tribromide are thermally unstable and decompose 
to the elements at relatively low temperatures. This property 
enabled elemental boron to be prepared by the decomposition of 
both the triiodide and tribromide on tungsten wire electrically 
heated to 1300-1400°C (17). Mercury and granulated tin were 
used to adsorb the halogen by-product. The trichloride and tri­
fluoride are thermally stable but can be reduced to boron with 
hydrogen or other reducing agents. Boron trifluoride, although 
it has the greatest boron content and a conveniently low boiling 
point, is the most stable halide and will not react with hydrogen 
below 3718 °C. Boron triiodide is the most reactive halide but 
is involatile and has a low boron content. It has bben used in 
the preparation of some boron-rich boron carbides by reaction 
with carbon tetraiodide and hydrogen, (18, 19, 20). Consequently 
the realistic choice of reactant for the synthesis of boron
- 16 -
carbide is between the tribromide and the trichloride. Boron 
trichloride has the advantages of low cost, higher boron content 
and greater volatility, but it requires higher reaction 
temperatures. The relevant thermodynamic data are shown in 
Fig. 2 . Two methods are commonly used for the synthesis of 
boron carbide by the reduction of the halides.
i) Decomposition of gases on the surface of a heated 
substrate, followed by deposition of the solid product on the 
substrate. This is known as chemical vapour deposition or CVD.
ii) Reaction in an electrical discharge, e.g. • RF plasma 
or plasma jet.
Boron has also been synthesised by both these methods and 
tentative mechanisms for this reaction have been proposed (see 
pages 21-24). Little work has been published, however, on the 
mechanism of the reaction by which boron carbide is formed.
Although industrially insignificant as yet, the reduction 
of boron halides has received much of the attention given to 
the synthesis of this material. The emphasis has,however,been 
on the physical properties of the product. Boron carbide 
combines exceptional hardness (exceeded only by diamond and 
cubic boron nitride) with a high bend modulus, high tensile 
strength and low density. Much work has been carried out on the 
chemical vapour deposition of boron carbide onto different 
substrates. Where these substrates are fine wires, typically 
tantalum or tungsten, boron carbide fibres can be produced.
When these fibres are incorporated into resin or metal matrices, 
composites with very high strength-to-weight ratios are formed.
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Such materials are of interest to the aerospace industry. It is 
also possible to coat substrates which can easily be machined, 
such as graphite, with a wear-resistant coating of boron carbide. 
This system was investigated by Cochran and Stephenson (21) and 
possible uses suggested were for rocket nozzles and chemical 
reaction vessels.
Boron carbide was first synthesised from a boron halide by 
Pring and Fielding in 1909 (9). They passed a mixture of boron 
trichloride and hydrogen at atmospheric pressure over an 
electrically heated graphite strip. They reported that at 1500- 
1750°C, boron was deposited on the strip. It is probable that 
this was preceded by the formation of a carbide layer. Stern 
and Lynds (22) have shown that carbon will diffuse into boron 
at temperatures as low as 1030°C. The rate at which boron and 
carbon react together depends on the state of sub-division of 
the powders, but direct union will normally occur above 1600°C.
At 1750-2150°C, Pring and Fielding observed the formation 
of boron carbide with the reported composition BgC. At 2150°C 
large crystalline masses of the carbide were formed which at 
2200°C dispersed with the formation of a soot-like deposit on 
the water-cooled electrodes supporting the graphite strip. This 
deposit contained free boron and BgC. This result is not easily 
explained. The thermal decomposition of boron carbide takes 
place by the evaporation of boron irrespective of the composition 
of the sample (23, 24). In the case of boron carbide, this is 
represented by the equation
0.25 ^4^(c) ~ ».■ 0.25 C(c) + ®(g)> ^^298 = 138,0 Kc/mole
The rate of decomposition becomes appreciable only at 
temperatures above 2300°C. The vapour pressure of boron at 2200°C 
is 7 x 10"2 torr and that of carbon is 2 x 10“4 torr (25). Since 
the graphite strip would not have evaporated appreciably at this 
temperature, the appearance of boron carbide on the electrodes 
must have involved the formation of a volatile intermediate species 
containing hydrogen or chlorine or the break-up of the boron 
carbide into a fine,readily transported powder. This hypothesis 
is directly opposed to the known properties of boron carbide.
The equilibrium vapour pressure of the carbon-containing species 
in the hydrogen-carbon heterogenous system is not significant 
below 2400°C (26),suggesting that a C-Cl compound was involved, 
but its nature is obscure. The presence of boron is more easily
explained. It probably resulted from a vapour phase reaction
between boron trichloride and hydrogen near the surface of the 
graphite strip. The finely divided boron which condensed out 
would then settle on the nearest cold surface.
Formstecher and Ryskevic (27) prepared boron carbide by a 
two-stage process in which boron trichloride was formed as an 
intermediate. A mixture of boric oxide with an excess of carbon 
black was heated to 600°C in a stream of chlorine. Reaction 
took place according to the equation _
B203 + 3C + 3C12 -> 2BC13 + 3C0
The boron trichloride and carbon monoxide produced were mixed 
with hydrogen and passed over an incandescent molybdenum filament. 
Small quantities of pure boron carbide were deposited on the 
filament.
- 20 -■
Apart from these early reports, work on CVD and electrical 
discharge routes to boron carbide has coincided with interest in 
two aspects of this material; its physical properties and its 
crystal structure. The synthesis of boron and boron carbide by 
CVD is discussed in section 2.2.5.
The synthesis of boron carbide by the reaction between 
boron trichloride and a hydrocarbon in an electrical discharge 
is the subject of a patent filed in 1957 (28). Boron trichloride 
and propane at a pressure of 20 torr were passed through a 
capacitatively-coupled discharge of frequency 1MHz. When a 
stream of propane (30 1/hour) saturated with boron trichloride 
vapour at 4°C was passed through a 10 kW discharge for 6 hours,
32.5 gms of a black, very hard, very fine powder were obtained. 
This represented a conversion of 12% based on boron trichloride. 
The reaction occurring was
8BCI3 + 3C3H8 --» 2B4C + 70 + 12HC1
The preparation of a pure product by this process is claimed, 
although analyses are not given and no mention made of the excess 
carbon formed. It is possible that the excess carbon would be 
removed from the system as an alkene or alkyne, e.g. acetylene.
A further patent (29) describes the production of carbides 
of elements in Groups III-VI of the Periodic Table by reduction 
of the appropriate halide with a hydrocarbon in a hydrogen plasma 
jet. One example given is the reaction of boron trichloride with 
methane to form boron carbide. Boron trichloride (5 g/min) and 
methane (0.3 g/min) were fed into a hydrogen plasma jet (hydrogen 
flow rate 25 1/min, power level 11.5 kW). A yield of 90% based
- 21 -
on boron trichloride was obtained. The product had a specific
o
surface area of 100-120 M /g measured by the B.E.T. method (30) 
equivalent to an average particle size of 0.02
As previously mentioned, little information about the 
reaction mechanism of boron halide reduction is available. It 
seems reasonable to suppose that the BCI3/H2/CH4 reaction is 
similar to the BCI3/H2 reaction by which boron is synthesised.
The latter reaction has been studied both by CVD processes 
and in plasmas (31-34, 89). Of particular relevance is the
work of Hamblyn et al. (33, 34) carried out in these laboratories. 
Hamblyn studied the BCI3/H2 reaction in an :RF plasma discharge 
over a wide range of experimental conditions. Evidence for 
reaction intermediates was obtained by emission spectroscopy.
From his experimental results, he concluded that two basic 
reaction mechanisms both contribute to the overall reaction 
scheme:
i) a thermal mechanism in which BClg is decomposed to B, 
BC1, CI2 and Cl atoms. Chlorine is then scavenged by hydrogen 
to give HC1;
ii) an ionic mechanism in which a complex mixture 
containing BC1+ , BC1, BCl2+ , Cl, CI2 and Cl2+ is formed and then 
reacts with hydrogen.
These mechanisms are discussed further in Chapter 5. In the
present work it was hoped that by studying this reaction with 
added traces of methane under essentially the same conditions, 
further evidence could be obtained to help resolve outstanding 
questions.
2.2.5 Kinetics and mediansim of CVD of boron and 
boron carbide
Although the chemical vapour deposition of boron and 
boron carbide are well-known (5, 6, 35-50, 63-65, 85-88, 
90-93), little work has been carried out on the kinetics and 
mechanism of these processes. Theoretical studies have been 
confined to systems of simple geometry, e.g. deposition on 
cylindrical substrates such as wires or rods. In such systems 
effects due to both mass transport phenomena and chemical 
kinetics have been demonstrated and compared with theoretical 
models.
Gruber (64) has studied the deposition of boron onto 
a tungsten wire from BC1 -H -He mixtures. He found that,
O £
under conditions where mass transport was not rate limiting, 
the reaction rate showed a dependence on the square root of 
both the hydrogen concentration and the boron trichloride 
concentration. A number of Langmuir-Hinshelwood models were 
constructed for the reaction, , ✓
2 BC1 + 3H  * 2B + 6HC1U A
The best fit was given by the expression
v k KB k h  p b * PH *
-  (1 + KBPBi + k h phJ + HHePHe'j
2
in which V = reaction rate (g/cm .sec) 
k = reaction rate constant
Kg= adsorption constant related to boron trichloride
Kjj= adsorption constant related to hydrogen
K = adsorption constant of helium 
H©Pb= partial pressure of boron trichloride
PH= partial pressure of hydrogen
P = partial pressure of helium 
He
o
Values f o r  k, K ,  Ku and K were obtained at 800 ,
B H H©
O O
1000 and 1200 C. From the variation of the rate of reaction
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with temperature, the activation energy was calculated to
be 29 kcal/mole. He concluded that, in the absence of
mass transport limitations, the rate of deposition of boron
from boron trichloride reduction by hydrogen corresponded
to a surface reaction between hydrogen adsorbed atomically
and an adsorbed boron-containing molecule which extended
an influence on the reaction rate in proportion to the
square root of the boron trichloride partial pressure.
This reaction has also been studied by Carlton et
al (65). They showed that, at thermodynamic equilibrium,
dichloroborane, BHCl, is a significant product. They£
proposed a model for the reaction in which dichloroborane 
was in equilibrium with boron trichloride, hydrogen and hydrogen 
chloride at the substrate surface. The reduction was assumed 
to take place step-wise, the rate-limiting step being the
reduction of adsorbed dichloroborane.
/.» BC1„.  ^ ----s. BHC1_, . ' ■(1) 3(g) «c----  2(g)
4
(2) BC13 ( a d s ) ^  ® Cl2(g)
(3) BC12 (ads) g- ' ^ ^ ( g )
4
(4) “ ^ ( a d s ) ^  2(g)
(5) BC1 (ads) 5 = ^  BIIC12 (g)i
BH Cl = = *  BHC1_
(6) 2 (ads) 2(g)
^ •
B; N (s)
Dichloroborane was found to be a product of the reaction pnd 
it was thought that this had formed prior to the rate limiting 
step, i.e. it was not formed by reaction between the deposited 
boron and HC1.
They obtained a simplified form of the^Langmuir-
Hinshelwood model for the reaction
.2
WD = K 
B o
(K P P p i
6q BC13 H2 “ HC1 /1 + K P „  1 , 2
 p------------- \F,7~p~ / c *sec'
HC1 eq H, 1 L J
This expression was obtained by assuming step (4) was rate-
limiting and that the reaction was first order with respect
to dichloroborane and zero order with respect to hydrogen.
o
The activation energy in the temperature range 900-1100 C
was found to be 29 Kcal/mole, which agrees well with that of
Gruber. The model proposed for this reaction was not capable
of distinguishing between step (4) as rate-limiting and
a reaction that was first order with respect to B01o and one-
half order with respect to H , i.e. step (3).£
The reduction of adsorbed dichloroborane by molecular
hydrogen
BHC1_, J * + H0/ J . = BH.  ^ » + 2HC1, N 
2(ads) 2(ads) (ads) (g)
has been put forward as the rate limiting step by other workers
(90, 91), who also obtained a value for the activation energy
of the overall process of 31.4 kcal/mole.
The mechanism of the deposition of boron carbide does
not appear to have been investigated. Activation energies for
deposition from BC1-/H /CH mixtures have been determined by
O ^ 4
several workers (35, 92, 93) and values of 0.74-57.5 kcal/mole 
obtained. This range of values undoubtedly reflects the 
influence of mass transport phenomena, the apparent reaction 
rate being limited not by chemical kinetics but by the rate 
at which reactants diffused to the substrate.
Morin (93) obtained a value of 57.5 Kcal/mole for 
reaction in the temperature range 1150-1300°C. At higher 
temperatures the apparent reaction rate did not increase 
further, indicating the onset of mass transport limitation.
He concluded that at these relatively low temperatures the 
reaction was kinetically controlled. This value for the 
activation energy appears to be the most reasonable.
2.3. Crystal Structure of Boron and Boron Carbide
2.3.1. Introduction ^
The crystal structures of boron-rich compounds contain 
a sub-unit unique to boron chemistry, the B icosahedron.
JL &
This sub-unit is present in boron carbide and non-metal borides 
such as BgSi and B^O as well as the several crystal structures 
of elemental boron. The presence of this unit was not 
recognised until the work of Zhdanov and Sevast'yanov (51) 
and Clark and Hoard (52) in the early 1940’s. A comprehensive 
description of the B _ icosahedral structure as shown by boronJLZ
and boron-rich compounds is given in a review by Hoard and 
Hughes (54).
As described in Section 2.1., early reports based on
chemical analyses assigned the composition B_C to boron carbide.
o
The possibility that a number of boron carbides of different 
compositions might exist was recognised (8) prior to the 
first reported synthesis of B C (1).O
The first systematic investigation of the boron-carbon 
phase diagram was that of Ridgeway (3). By comparison of the 
X-ray diffraction patterns of five samples of comparatively 
pure boron carbide of different compositions, he concluded that 
the only phase present had the composition B^C. However the samples
investigated had carbon contents from 20.4 wt % to 22.4 wt % and 
were all close in composition to the stoichiometry B4C (21.7 wt % 
C). The composition corresponding to BjLgC2 (14.6 wt % C) was not 
investigated.
Ridgeways phase diagram of the boron-carbon system has been 
continually revised by the efforts of several groups of Russian 
workers. An account of this work is given by Samsonov et al. (53).
Before the crystal structure of boron carbide is discussed 
a brief description is appropriate of the relevant crystal 
structures of boron and how they relate to the structure of boron 
carbide.
2.3.2. Boron and the B. „ icosahedronxd . . . . . . . ^ ....
Boron has three established crystal structures and there 
is some evidence for further forms (33, 55). Cell data are 
listed in Table 2.2. .
Table 2.2.
Cell data for crystal structures of elemental boron
Crystal form Unit cell parameters Formation temperature
amorphous <• 700°C
<*-rhombohedral a = 5.067 £ 700-1100°C
c* = 58° 04' Z = 12
II-tetragonal a = 10.12 £ 1100-1200°C
c = 14.14 £ Z = 192
/2 -rhombohedral a = 10.45 £ > 1400°C
= 65° 17’ Z = 105
Z = no. of atoms per unit cell
The different structures of boron all have in common the 
B -^ 2 icosahedron, the symmetry properties of which have a profound 
influence on the structures of boron and boron carbide. These 
structures are characterised by either rhombohedral or tetragonal 
arrays of icosahedra. The tetragonal structures are not relevant 
to the present work and will not be discussed.
The B ^  icosahedron, shown in Fig. 3.a. consists of twelve 
equivalent atoms each forming five intraicosahedral bonds 
directed towards the vertices of a regular pentagonal pyramid. 
Icosahedra are linked together to form three-dimensional 
structures in which the intericosahedral bonds lie along the 
five-fold axes of the icosahedra (Fig. 3b.). Since five-fold 
symmetry cannot be propagated in two-.or three-dimensional arrays, 
such structures consist of rather open networks containing 
regularly spaced holes which are large enough to accommodate a 
variety of foreign atoms. Such foreign atom inclusions can 
play an important part in stabilizing the boron lattice by 
increasing the extent of the intericosahedral linking.
Since the intericosahedral links lie along the five-fold 
axes of each icosahedron, it is possible to define two classes 
of boron atom in the icosahedron; the six rhombohedral atoms 
(labelled r and r in Fig. 3La.) which lie on the rhombohedral 
axes of the unit cell, and the equatorial atoms (e and e) which 
lie in a staggered belt around the icosahedron. In rhombohedral 
structures, direct intericosahedral links are formed only 
between rhombohedral atoms, never between equatorial atoms.
The simplest crystal structure of boron is the c*. -rhombo­
hedral form Fig. 4. This structure has been shown (56, 57) to
Fig. 3 7 . Icosahedral bonding in boron, (a) The icosahedron projected along a 
threefold axis. The rhombohedral (r and r) and equatorial (e and e) vertices are 
labeled, (b) The preferred pentagonal coordination polyhedron for an icosahedrally 
bonded boron atom. ( 5 4 )
A
' Fig. ‘ 4  ,  A section through the a-rhombohedral boron structure perpendicular to the
I threefold axis. The dashed lines symbolize the three-center bonds linking equatorial 
I atoms of adjacent icosahedra; all other intericosahedral bonds are rhombohedrally 
directed. ( 5 4 )  .
contain one B-^ 2 icosahedron per unit cell with the icosahedra 
bonded along the rhombohedral axes. The equatorial boron atoms 
satisfy their valency requirements by forming three-centre bonds 
with the corresponding atoms from two neighbouring icosahedra. 
Because the equatorial intericosahedral bond distance is 
comparatively long (2.025 S.) and the electron density low, these 
bonds are much weaker than the rhombohedral intericosahedral 
bonds. This explains the instability of this structure at high 
temperatures, when rearrangement occurs to the structurally more 
complex but more stable -rhombohedral form.
When boron is heated above 1500°C, the -rhombohedral 
form is obtained. The structure of this polymorph, although 
apparently complex, is nevertheless based on the icosahedron. 
Fig. 5.shows how the basic unit is derived from an icosahedron 
of edge three units (the B ^  icosahedron has edge one unit) 
containing 72 atoms. By truncating each vertex of this icos­
ahedron one-third of the way along each edge, the 60-atom unit 
in Fig. 5a. is obtained. The 84-atom unit shown in Fig. 5b. 
consists of this 60-atom unit enclosing a B ^2 icosahedron and 
linked to it through 12 additional atoms. These 84-atom units 
lie in a simple rhombohedral lattice and their pentagonal faces 
are interconnected through the condensed icosahedral units shown 
in Fig. 6 . The total number of atoms per unit cell is 105.
This structure allows all the boron atoms in the 84-atora unit 
to assume the preferred pentagonal pyramidal configuration, as 
compared with only half the atoms in ck-rhombohedral boron, thus 
accounting for its greater thermal stability.
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(a)
(b )
Fig* 5 . ? The ^-rhombohedral boron structure, (a) A  perspective view along the 
threefold axis of a truncated icosahedron. This 60-atom unit is a basic element in the 
84-atom unit depicted in (b). Rhombohedral linkages between the 84-atom units 
are effected through the juxtaposition of the half-icpsahedra visible at the surface. (  5 4 )
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Fig. . . ' 6  c-The condensed icosahedral subunit in the j3-rhombohedral boron structure. 
Equatorial linkages between 84-atom units are generated through the pentagonal
faces of this subunit. ( 5 4 )
The significance of these structures to the present 
work is that the structure of boron carbide is derived 
directly from that of (X -rhombohedral boron, whereas 
elemental boron obtained from the plasma under the same 
conditions has the ^  -rhombohedral form. Under certain 
conditions, both forms could be obtained together. This 
work is discussed further in Chapter 5.3.
2.3.3. Boron, carbide crystal structure
Boron carbide was the first boron-rich compound to 
have its crystal structure clarified. The crystal structure 
was shown by X-ray diffraction (51, 52) to consist of a three- 
dimensional network of boron atoms containing small groups 
of carbon atoms. The results suggested a structure based on 
the NaCl lattice with B icosahedra occupying the Na 
positions and linear chains of three carbon atoms centered 
on the Cl positions. The boron carbide molecule was thus 
more properly described as B^C^ wi‘th fifteen atoms in a 
rhombohedral unit cell. The structure is shown in Fig. 7.
The boron carbide structure is derived directly from 
that of 0{ -rhombohedral boron. An octahedral array of 
icosahedra surrounds a cavity which lies along the three­
fold axis of the rhombohedral unit cell. An additional 
icosahedron lies at each end of the cavity on the three-fold 
axis. This lattice allows only the rhombohedral boron atoms 
to satisfy their preferred co-ordination configuration.
The five-fold equatorial axes of three of the icosahedra 
intersect at a point on the rhombohedral three-fold axis.
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Fig. a  2 The boron carbide structure in a perspective view along the threefold axis.
The central linear chain of three atoms is shown surrounded by seven of the eight 
rhombohedrally bonded icosahedra, which delineate a unit cell. The filled circles are 
for purposes of contrast only. ( 5 4 )
This point lies 1.6 R from each of the three equatorial 
boron atoms and 1.4 R from the centre of the cell.
A similar intersection occurs symmetrically placed on 
the other side of the centre of the cell. Thus an atom 
placed at each of these intersection points can simultan­
eously satisfy the preferred bonding configuration of all 
the equatorial boron atoms. They have only to form three 
approximately tetrahedral bonds to the icosahedron (Fig.8a) 
and a fourth bond across the cell centre. The fourth bond 
may be formed through a co-linear atom at the cell centre.
This framework encloses two interstitial holes large enough 
to accommodate foreign atoms. These are situated on the 
three-fold axis, above and below the central chain. This 
may be thought of as the "classic" structure of boron carbide.
It has recently been demonstrated (84) that this 
structure contains planar hexagonal B,C_ rings (Fig.8b) which 
confer additional electronic stability on it. The importance 
of the carbon atoms in linking together with B_ icosahedra 
can thus clearly be seen.
The identity of the individual atoms within the boron 
carbide lattice, however, cannot easily be determined by* X-ray 
diffraction. This is a consequence of the similar electron 
densities of boron and carbon. Silver and Bray (58) investi­
gated the structure of boron carbide by nuclear magnetic 
resonance. They concluded that at least 60% of the central 
positions of the linear triatomic chains were occupied by 
boron atoms. In addition, further evidence suggested that 
there could be little mixing of C-C-C chains and C-B-C chains
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O Bor 
O  Kohlers toff
Fig. 8a. Tetrahedral bonding of C to icosahedra 
in boron carbide.(6)
.£* OB Qc
Fig.8 b.Crystal structure o f B1 3 C2  showing the planar hexagonal rings connecting the 
B12 icosahedra. These rings are nearly perpendicular to the C—B—C chains. (131)
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with the implication that all the central positions were
occupied by boron atoms. This assumption raises the
question of reconciling the calculated and observed values 
■for the length of the B-C bond in the linear chain. * The
measured value of 1.423 R (84) is significantly shorter
than the calculated value of 1.63 X obtained from the 
covalent radii of boron (0.86 $) and carbon (0.77 X) 
respectively. The compound which consists of B
■ 1a
icosahedra and CBC chains has the composition B C
lo 2
mentioned in section 2 .1.
If it is accepted that the central position in the 
triatomic chain is never occupied by a carbon atom, it 
becomes necessary to explain how additional carbon is in­
corporated into the boron framework to give the stoichio­
metry B.C. There are three possibilities; either carbon
fit......  ... ... . _ ...
can substitute for boron within the icosahedron to give 
B ^ C  (CBC), or carbon can occupy some of the interstitial 
sites to give the composition B (CBC) . ,or the phase
Id X • do
B C_ does not exist but is B (CBC)C with the^composition
Id O J-d
B13C3*
Hoard and Hughes (54) put forward the view that 
substitution in the. B icosahedron took place but acknowledged
S.d
the possibility that under non-equilibrium conditions inter­
stitial carbon atoms might be incorporated in the structure.
The electronic configuration of this structure is readily 
satisfied by charge transfer from the central atom of the 
chain to the icosahedron to give (B^C) (CBC)+ . The existence 
of the phase of composition B^Cg was not questioned.
The formation of B (CBC)C requires five inter-
JL •Jd
stitial carbon atoms per four unit cells. It is not clear
why this level of occupancy should be preferred to any other.
It has been claimed in a recent publication (6) that the
interstitial sites are in fact never occupied. The same author
has also claimed (5, 6) that the phase B C is never formed.
o
This claim was based on the results of a systematic investi­
gation of boron-rich compounds prepared by chemical vapour 
deposition under strictly controlled conditions. Boron carbide 
was prepared by reduction of boron tribromide with methane and 
hydrogen at different substrate temperatures. The carbon 
content was found to increase with the reaction temperature, 
even if the CH /BBr molar ratio was decreased. These results
4 o
are summarised in Table 2.3.
Table 2.3
C.V.D. of boron carbide on induction- 
heated Ta/BN substrates (6)
Substrate 
temperature ( C)
CH4/BBr3 
molar ratio
Wt % C 
in product
Product
stoichiometry
1200 1:10 14.1-14.4 B13C1.92-1.97
1400 1:15 14.5-14.8 B13C1.98-2.03
1600 1:15 15.1-15.4 B13C2.08-2.15
1800 1:20 15.8-16.1 Bl3C2.20-2.25
At temperatures greater than 1600 C and with lower CH /BBr molar
4 3
ratios -rhombohedral boron was also formed. All products 
containing less than 14.0 wt.% carbon also contained free boron.
The increase in carbon content with increasing reaction
temperature was attributed to boron being more volatile than
carbon. X-ray diffraction measurements on crystals grown
by this method led to the claim that not only was B C
JLo a
the only reproducible phase in the boron-carbon system, 
but that the phase B. C was never formed. The latter
jl/u O
conclusion was also based on the work of Larson and Cromer 
(60) on the electron density distribution in crystals of 
composition B^C. Their study indicated that-this phase 
really had the composition B ^  (CBC) C. However these 
findings leave unanswered the problem of how the excess 
carbon could be incorporated into the B C framework.
4 . 0  , a
The possibility of icosahedral substitution was rejected from 
the results obtained for the electron density in the 
icosahedron.
2.3.4. Variation of lattice parameters with carbon content
Appreciation of the structural similarity of boron to
boron carbide led to investigations into the effect on the
boron carbide lattice of variations in the carbon content.
Glaser, Moskowitz and Post (61) examined the products
obtained by heating mixtures of boron and carbon to 2000°C.
Compositions containing less than 4 at.% carbon (4.4 wt.%C)
showed only the X-ray diffraction pattern of jl> -rhombohedral
boron. In the range 4-28 at.% carbon (4.4 - 30.2 wt.% C)
the products showed the pattern ascribed to B C (or B C ).
JLo ^  o
Within this composition range, the lattice d spacing was 
observed to decrease linearly with increasing carbon content,
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while the density and electrical conductivity increased 
monotonically with the carbon content up to 30 w't.% C.
These results were attributed to the increasing substitution 
of carbon for boron in the framework. Carbon atoms (covalent 
radius 0.77 &) being smaller than boron atoms (covalent 
radius 0.86 $), this substitution would lead to a contraction 
of the lattice.
It is not clear how these results can be reconciled with 
the work of Ploog (6). If, as claimed by Ploog, carbon can 
neither occupy interstitial positions nor substitute for 
boron in the icosahedron, then variations in carbon content, 
at least for carbon contents in excess of B C (14.6 wt.% C)Xo JLi
can have little effect on the boron lattice. This is not in 
agreement with either the work of Glaser et al or the results 
obtained in the present work discussed in Chapter 5.3.
Glaser et al found no evidence for the formation of either 
B_„C or B C , but reported that carbon in excess of 28 at'%
lo Zt XZ o
was detected as free graphite.
Allen (62) recorded X-ray and density data for three 
samples of composition B4C, B17c3 and.B C. By taking the 
stoichiometry B,C as representing the true compound, he was
ft
able to show that his density data could be satisfied by 
assuming partial substitution of boron for carbon in the 
B.C structure. Thus the calculated specific gravity of
fl
B „C_ (otherwise B_,C_) was 2.45, assuming the substitution 
17 3 51 9
of three, boron atoms for carbon atoms: in four unit cells.
The experimental specific gravity, determined pycnometrically,
was 2.484. Similarly the calculated specific gravity of 
B^C (2.42) agreed well with the measured specific gravity 
(2.47). Substitution of boron for carbon in the B (CBC) 
structure is limited due to the greater size of the,boron 
atom. This causes the chain to become longer and the 
geometrical configuration of the bonds between the icosahedron 
and the terminal chain atoms to depart significantly from the 
preferred directions.
2.3.5., Summary
The composition and structure of the compounds formed
between boron and carbon have not yet been satisfactorily
resolved. These compounds, together with elemental boron,
consist of inter-linked B icosahedra. The packing of the
1^
icosahedra so as to satisfy the preferred co-ordination 
geometry of the boron atoms governs the crystal structures 
of these materials. Interstitial atoms, e.g. carbon in boron 
carbide,play an important part in stabilizing these lattices.
The similar electron densities of boron and carbon makes 
distinction between them by X-ray diffraction very difficult. 
Structural determinations based on X-ray diffraction have led 
to ambiguous and conflicting results from which only one definite 
conclusion can be drawn; the phase B C or B (CBC) is 
formed and has a well-characterised crystal structure.
Another phase richer in carbon may also be formed, but its 
composition and how carbon is bonded to the lattice in it have 
not been finally determined.
CHAPTER 3 
EXPERIMENTAL METHODS
3. EXPERIMENTAL METHODS
3.1. General Experimental Techniques
3.1.1. Introduction
The experimental apparatus and methods described in this 
thesis were developed during earlier research into the synthesis 
of elemental boron in an RF plasma. That work, which forms the 
background to the subject of the present thesis, has been 
described elsewhere (33). The aims of that work were to study 
the reactions involved and to construct a pilot plant capable 
of producing boron for sale. To carry out this research, it 
was necessary to develop a number of experimental facilities.
3.1.2. Plasma reactor
A plasma reactor was required which was suitable for use 
both in the pilot plant and in the laboratory. Thus the design 
of the plasma torch reflected two important considerations, 
reliability of operation and ease of removal from the apparatus 
for cleaning. The reactor had to operate at atmospheric 
pressure at power levels up to 30 RW. Provision had to be made 
for feeding the reactants either through the plasma or into the
plasma tail-flame.
r
3.1.3. Reactant feed and control
A method was required for feeding boron trichloride 
(b.pt.12.5°C) into the reactor at flow rates from 0.1-2.0 moles/ 
min. A steady, controllable flow rate was necessary both for 
stable operation of the plasma and so that kinetic investi­
gations could be carried out. When it was required to operate 
the plasma using boron trichloride as the plasma-forming gas, 
it was particularly important to avoid sudden changes in the 
boron trichloride flow rate which could cause extinction of 
the plasma.
3.1.4. Product collection
The products formed in the plasma reactor consisted of 
very fine powders suspended in a hot, corrosive gas stream.
This gas stream had to be cooled and passed through filters 
to remove the solid particles. Prior to analysis the solid 
product had to be collected and treated without exposure to 
the atmosphere.- The high gas throughputs and small particle 
size of the product made the choice of a suitable filter 
difficult. It was also necessary to avoid high pressures in 
the apparatus which could cause the indicated flow rates of 
the reactants to alter unpredictably.
3.1.5. Effluent treatment
The effluent gases contained unreacted boron trichloride 
and hydrogen chloride by-product. These had to be removed from 
the gas stream before it was released to the atmosphere. The 
pilot plant was fitted with a refrigeration circuit which 
condensed unreacted boron trichloride from the gas stream.
Hydrogen chloride was removed by water scrubbing and the resulting 
acid liquor neutralized before disposal.
3.1.6. Boron trichloride production
' ' r  .
Boron trichloride was prepared by the high temperature 
chlorination of boron carbide grit. The reaction, represented 
by the equation
B4C + 6C12 ------> 4BC13 + c » A H  = -370 Kcal/mole
o
is exothermic above 600 C and so is self-sustaining. The 
reaction was carried out in a vertical graphite tube 10 cms 
in diameter and 180 cms long. To prevent oxidation of the 
graphite at the very high temperatures reached during the reaction, 
the tube was contained in a water-cooled mild steel jacket.
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The furnace held a charge of 15 kg boron carbide and was 
operated at chlorine flow rates of 20 kg/hour. Process 
efficiencies of up to 70% with respect to B^C and 100% 
with respect to chlorine were achieved. The reaction was 
initiated by a chemical fuse consisting of a mixture of red 
phosphorus,boron and boron carbide, which inflamed spontane­
ously in chlorine at room temperature.
The boron trichloride produced was passed through a 
cyclone and bag filter to remove any solid material carried 
over from the furnace. These solids consisted principally 
of carbon dust and ferric chloride. The filtered boron 
trichloride was purified by distillation to remove boric 
oxides carried over as (BOCl^ polymers and condensed into 
mild steel storage cylinders at 5-10°C. Occasionally the 
product contained free chlorine or other impurities which 
imparted a yellow or deep red colour to it. At first it was 
believed that these were due to the presence of the coloured
boron sub-halide polymers, such as B Cl and B CL. It was
9 y 8 o
subsequently found, however (66), that the colour was caused
by TiBr, TiBr^Cl^^ and SnBr^ impurities. In the presence of
traces of moist air, TiBr , normally colourless, assumes the
4
c61ours observed in the boron trichloride. These coloured
impurities could be removed prior to the boron trichloride
condensation stage by passing it through a bed of boron
obriquettes contained in a silica tube heated to 800 C.
3.2. Plasma Torch Development
3.2.1. Induction plasma theory
Induction plasmas are generated by methods similar to 
those used for the induction heating of conventional conductors.
A conductor placed in the magnetic field of a solenoid 
carrying an alternating current is resistively heated by 
the eddy currents induced in it. Energy transfer occurs 
by collisions between electrons accelerated by the magnetic 
field and the neutral species and ions. The plasma can be 
sustained only if the rate of ionization, caused by collisions 
between species possessing sufficient total energy ET > E 
(where E^ is the ionization energy of the plasma gas) exceeds 
the rate of recombination at the magnetic field boundary.
In a flowing gas system electrical energy is converted into 
thermal energy in the plasma tail-flame where recombination 
of ions and electrons takes place.
Fig. 9' shows the heat capacity of some monatomic and 
diatomic gases at one atmosphere as a function of temperature.
For monatomic gases such as argon, neon and helium, the departure 
from the straight line (slope 5/2 R) represents the onset of 
ionization. Since a certain minimum level of ionization is 
required for stable plasma formation, the temperatures indicated 
in Fig. 9' for the onset of ionization are the minimum temper­
atures at which a plasma can be sustained at atmospheric pressure 
in that gas. In the case of argon the temperature is approximately
10,000°K. However, as a high degree of ionisation is not necessary
\
before a plasma can be sustained, mixed mean temperatures less 
than this figure are more usually encountered.
Plasmas can also be formed in diatomic and polyatomic 
gases such as oxygen, nitrogen, chlorine and boron trichloride.
In each case, additional energy is required to dissociate the 
gas before ionization takes place. The ability to form a plasma
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in any particular gas is limited only by the combination of 
power and frequency available from the radio-frequency 
generator.
Due to the inherent self-inductance of a conductor, an 
alternating current flowing in it is concentrated in the 
surface layers, which have a lower impedance than the core. 
This gives rise to the so-called Mskin effect" in which the 
depth to which the field and hence the induced current 
penetrates the load depends on the electrical properties of 
the load and the induction frequency. The magnitude of this 
effect is given by the expression (67)
S =  *______ _
2 TxJ io'a fc fa-
in which
S = skin depth (cm) 
yuc"-= relative permeability of load 
c$ = electrical conductivity of load (mho/cm)
^  = current frequency (Hz)
For thermal plasmas, yu^ is usually taken as unity (68). 
Thus the skin depth can be expressed as a function of the gas 
resistivity and current frequency.
(^= resistivity in ohm-cm) 
To achieve uniform power density across the plasma, the skin 
depth should be at least half the radius of the plasma column 
(68). Fig. 10 shows how the power transferred to a plasma 
column concentrates more and more in the outer layers as the 
frequency is raised.
From this equation it is possible to obtain a match 
between the frequency, plasma gas and torch diameter.
For example, the skin depth of an argon plasma 
( argon = 0.03 ohm-cm (69) at 5 MHz is given by
S = 1 / 0.03
"5T7 — ^----fi = 0.39 cm
211 VlO 9„5«10 6
If this is taken as half the radius, an argon plasma of 
uniform power density should have a diameter of 1.56 cm.
The plasma torch diameter should be a little larger than the 
plasma column to allow for containment of the plasma by a 
sheath of cold gas. In this example, a torch diameter of 2 cm 
would be satisfactory.
In practice these choices are limited by several other 
considerations. They include the power and frequency available 
from the RF generator and also the gases in which the plasma 
is to be formed. Thus, in the previous example, if the argon 
were to be replaced by hydrogen (^hydrogen = 0.6 ohm-cm (69))
S “ 7-------   = 1.74 cm
2n / 10'9* 5,106
indicating a plasma diameter of 7 cm. A torch suitable for 
use with an argon plasma would therefore be liable to over­
heating and subject to poor coupling efficiency if operated on 
hydrogen. Conversely, a torch intended for-use with hydrogen 
would be too large for an argon plasma. Much of the argon 
would by-pass the plasma and lead to low efficiencies. Since 
it was only possible to initiate plasmas in pure argon, the 
choice of torch diameter was necessarily a compromise. The 
ideal solution would have been to have used a generator with a
tunable RF circuit whose frequency could be adjusted to 
suit each plasma gas, but this was not available.
3.2.2. RF induction coils
The oscillating frequency of a circuit consisting of 
an inductance and a capacitance is given by the formula
'f = —7^1 2U /LC
in which = frequency (Hz)
L = inductance (H)
C = capacitance ( F)
RF power for the present work was supplied by a Radyne RD/300 
generator with an operating frequency range of 2-7 MHz and a 
power output of 0-30KW. The capacitance circuit of this generator 
was not adjustable, so the frequency could only, be varied by 
alteration of the inductance which comprised the RF coil and 
any series coils included for tuning purposes. The RF coils 
were wound from o.d. soft-'drawn copper tubing and were water- 
cooled.
From Section 3.2.1. it follows that the maximum coupling 
efficiency will be obtained if the diameter of the RF coil, 
and the diameter of the plasma d^, are the same. Although this 
cannot be achieved in practice, the ratio d /d should be as
p
near unity as possible. To prevent arc formation it was found 
that a small air gap 5mm) was necessary between the torch and 
the work coil surrounding it. in this study the internal diameter 
of the work coil was 80 mm. Other coils were incorporated in 
series with the work coil so that the circuit could be finely 
tuned, for example when the plasma was run on a different gas.
This tuning could only be carried out with the generator 
switched off, so no adjustment during a run was possible.
With a work coil of 5| turns and a series coil of 
4^ turns, a pure argon plasma could be operated satisfactorily 
up to 25 KW. At higher power levels the torch began to over­
heat. To operate the plasma on boron trichloride, an 8| turn 
work coil with no series coil was used. Under these conditions 
the plasma could just be started on argon but the range of 
operation was very limited. With boron trichloride, operation 
was satisfactory at a flow rate of 100 gm/min and a power 
level in excess of 15 KW. In each case the generator frequency 
was 2.75 MHz.
3.2.3. RF plasma torches
In its simplest form, an RF plasma torch consists of a 
tube of an electrically non-conducting material (or a split 
metal tube) which serves to confine the gas in which the discharge 
is to be sustained as it passes through the induction coil.
In addition the plasma-confining tube permits re-circulation 
of ionised species within the plasma thereby increasing the 
plasma stability. In practice the choice of materials is 
restricted because of the heat near the plasma. Silica is most 
commonly used as the plasma-confining tube in laboratory reactors, 
although borosilicate glass has been used at low power levels 
(<.10 KW).
At low power levels, natural cooling is sufficient to 
prevent overheating of the torch walls. This permits the RF 
coil to be wound closely around the plasma torch and allows the 
discharge diameter most nearly to approach the coil diameter 
thereby giving the maximum coupling efficiency. At higher power
levels, or when the plasma is run on diatomic gases, which 
have higher thermal conductivities, additional cooling must 
be supplied to the torch walls. This can take the form of 
forced air cooling, but more usually the torch is fitted 
with a water jacket. This necessarily reduces the ratio 
dp/d^ and therefore reduces the coupling efficiency. Howevert 
such torches can be operated at power levels in excess of 
30 KW, the maximum output of the RF generator used in this 
work.
To prevent destructive overheating, it was necessary to 
stabilize the plasma in the centre of the torch. This can be 
achieved in two ways. An annular sheath of cold gas can be 
passed around the outside of the plasma, causing a ’’thermal 
pinch” effect. The cold gas reduces the temperature of the 
plasma boundary below the ionization temperature thereby 
preventing the boundary region from absorbing power from the 
coil directly, effectively confining the plasma to a smaller 
volume. Alternatively, the plasma forming gas could be injected 
tangentially forming a vortex in the plasma region. Ion re­
circulation within the vortex and the fluid dynamic properties 
of the plasma combine to centralize the plasma within the torch.
All the torches in the present work used vortex stabilization.
The design of the RF plasma torch used in the present 
work evolved during the previous research programme on the 
preparation of elemental boron.
The plasma torch used in the early stages of the boron 
research programme was a simple air-cooled silica tube closed at one 
end (Fig.11a). The body of the torch was fabricated from 50 mm 
bore transparent silica tubing with side-arms of 6 mm bore
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Fig. lib. Early water-cooled plasma torch
silica tubing. The plasma-forming gas was introduced through 
the tangential side'arm, with other reactants being fed into 
the plasma tail flame through four side-arms set approximately 
at right angles to the torch axis. The reason for adding some 
of the reactants to the plasma tail flame was that the plasma 
could only tolerate low concentrations of certain gases, notably 
hydrogen and methane. The addition of any material to the 
plasma, including solid particles, which can absorb energy 
without subsequent ionization, will ultimately extinguish the 
plasma. The dissociation of hydrogen
/ h2 ■“"* / 2H AH = 109.5 Kcal/mole (70)
adds to the total energy necessary for ionization
e
H — * . H + e AH = 312 Kcal/mole (71)
A greater power input is therefore necessary to sustain the
free electron concentration required for stable plasma operation.
In addition, and probably more important, the generator 
frequency must be matched to the resistivity of the. load. The 
calculation in Section 3.2.1. shows how greatly the skin depth 
at a fixed frequency differs for hydrogen and argon. The loss 
of coupling efficiency on adding hydrogen to a fixed, frequency 
plasma limits the hydrogen concentration which the plasma can 
tolerate before extinction.
The torch shown in Fig.llacould be operated with forced 
air cooling on argon-hydrogen mixtures containing up to 
40 vol.% H at 18 KW for short periods. The risk of destructive
a
overheating of the torch limited the duration of such runs to 
few minutes only.,
The design of this torch was unsatisfactory in a number 
of respects.
The torch had to be sealed to the powder collection 
apparatus by means of a cone-and-socket joint. To prevent 
seizure of the joint at high temperatures, the cone was made 
in water-cooled silica. This method was not very satisfactory 
as the joint could not be made properly leak-proof when dry and 
boron trichloride readily attacked any grease used as a sealant, 
effectively cementing the joint together. Removal of the torch 
from the apparatus thus caused frequent breakage of both cone 
and socket.
The use of forced air cooling limited to 18 KW the 
maximum power level at.which the torch could be operated. At 
higher levels its silica began to soften. Also, the high 
temperature in the coil region led to arc formation between the 
turns of the coil and between the coil and the torch. These 
arcs damaged both the RF coil and the plasma torch, depositing 
copper on the surface of the torch and enabling further arc- 
outs to occur more easily. Moisture in the air-jets used to 
cool the torch also caused arc-out. The current drawn from 
the generator by such arcs also caused the protective overload 
relays to trip. Persistent arc-out frequently caused runs to 
be terminated prematurely because the plasma could not be re­
started. The torch could be cleaned by immersion in nitric acid 
or aqua regia, but this was only partly effective as the copper 
diffused into the torch surface. Each torch had an effective 
working life of only a few hours.
Despite its short-comings, this design was successfully 
used during the early stages of the work on the preparation of 
elemental boron. The plasma was initiated in argon by energising
the RF coil and applying the discharge from a Tesla^ coil to 
the argon inlet of the torch. The plasma was operated on a 
wide range of gas compositions from the Ar/H /BC1 reactants.£» O
When boron trichloride was passed through the plasma, 
crystalline flakes of boron were deposited in the region of 
the plasma. These flakes frequently accumulated until the 
whole torch was almost blocked. The deposit seriously reduced 
the efficiency of the process. It destroyed the vortex action 
of the plasma, reduced the coupling efficiency and also increased 
the risk of torch damage. At .the high temperatures inside the 
torch, boron attacked the silica forming a layer which cracked 
on cooling and usually caused the whole torch to fracture.
The deposit also absorbed RF power and usually made re­
initiation of the plasma impossible unless the torch was re­
moved and cleaned. Removal of the torch allowed air into the 
apparatus which contaminated the product by hydrolysis of 
adsorbed boron trichloride.
Many of these problems were solved in the design of a 
water-cooled torch, shown in Fig.lib. A water-jacket surrounded 
the whole torch except for the closed end by the tangential
(r )
inlet where the Tesla-' coil was applied. The internal diameter 
of this torch was unchanged at 50 mm, but the external diameter 
was increased to 60 mm. The greater torch diameter necessitated 
a larger RF coil with a consequent drop in coupling efficiency. 
This was outweighed by the greater reliability of operation.
The torch could be operated for periods of several hours 
at power levels of up to 30 KW. The deposition of boron in 
the torch was greatly reduced, presumably due to the lower 
torch wall temperature. The elimination of the difficulties
associated with the air-cooled torch improved the overall 
efficiency of boron production despite the reduced plasma 
coupling efficiency. The design of this torch has been 
patented (Brit. Pat. No. 1,288,913, see also Appendix A).
A major disadvantage of this torch was its complexity. 
Apart from being difficult to construct, it was prone to 
accident. The side-arms were liable to break while the coil 
was being wound onto the torch if the spacing of the turns of 
the coil did not exactly match the spacing of the side-arms.
This problem, together with the need for a torch which could 
more easily be removed from the apparatus, led to the design 
of the torch shown in Fig. 12 .
This torch featured a double pass water-jacket with 
both water connections at the same end of the torch. The 
tail feed ports were incorporated in a separate water-cooled 
brass manifold which was sealed to the torch with a neoprene 
rubber gasket. The torch could be readily removed from the rest 
of the apparatus for cleaning without disturbing the alignment 
of the RF coil. The diameter of the RF coil was increased to 
accommodate the greater diameter of this torch (70 mm o.d.), 
which caused a further slight decrease in coupling efficiency. 
For practical purposes, this was compensated by the much greater 
ease with which the torch could be used. It was, in fact, used 
for all subsequent work, including the greater part of the boron 
research programme, the boron production pilot plant and the 
present work.
Two further torches were developed, but' were not used in 
the present work. These torches, shown in Figs.13a and 13b, 
were designed to include the advantageous features of the
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torches already described. Fig. 13b shows a water-cooled torch 
in which the diameter of the plasma can closely approximate 
to the diameter of the RF coil thus combining high coupling 
efficiencies with the ability to run at higher power levels.
3.3. Laboratory Plasma Apparatus
3.3.1. Design of apparatus
The apparatus for synthesis of boron carbide in an RF 
plasma evolved from that used for the synthesis of boron shown 
in Fig. 14. This design was modified so that a pure sample of 
each product could be more readily removed from chemical analysis. 
The product as formed contained adsorbed boron trichloride which, 
on exposure to the atmosphere, hydrolysed to boric acid and boron 
oxychlorides. To prevent this contamination, a sample of each 
product had to be removed from the apparatus, without exposure 
to atmosphere, and be subjected to a vacuum upgrading process 
to remove the boron trichloride. Another drawback of the boron 
apparatus was that larger particles tended to settle out in the 
collection pot leaving the fine particles to be retained by the 
bag-filter. In the present work the samples of each product 
had to be representative of both chemical composition and 
particle size.
The apparatus was therefore modified as shown in Fig.15.
The plasma torch was sealed to a water-cooled brass tail-feed
ring (Fig. 12) . When required, reactants were injected:'.into
3
the plasma tail-flame through four radial ports /32" diam. which 
were fed from an annular manifold. The manifold was sealed to
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Fig. 15. Plasma apparatus used in the present work
a flange brazed to the upper end of a water-cooled brass 
quench tube (2" diam. x 5* long) which served, to cool the 
reaction products before the.filtration stage. A brass 
flange was brazed to the lower end of the quench tube such that 
2” of the tube projected below the flange. The filtered gas 
stream passed to a scrubbing tower through a f" diam. exit 
pipe fitted to this flange.
Boron carbide and other solid products formed during 
the reaction were filtered from the gas stream by a woven glass- 
fibre bag-filter 3" diam x 30" long attached to the lower end 
of the quench tube by a screw-clip. The bag-filter was enclosed 
in a brass tube 4" diam x 24” long, flanged at both ends, which 
was sealed around the lower end of the quench tube so as to 
encompass both the bag-filter and the exit pipe. The lower end 
of the bag-filter was attached to a short brass tube blazed to 
a flange which both sealed the apparatus and supported a glass 
collection flask. The neck of the flask was fitted with a l|"
(IT)
Q.V.FS—'buttress end which was sealed to the lower flange with 
an asbestos gasket.
The filtered gas stream passed up a water scrubbing 
tower 4" diam x 10 ft long packed with Raschig.rings.
Hydrogen chloride by-product and unreacted boron trichloride 
were both scrubbed from the gas stream to form an acid liquor 
containing hydrochloric acid and boric acid. The liquor was 
collected in a holding tank and neutralized with 40 wt.% sodium 
hydroxide before being pumped to waste. Addition of sodium 
hydroxide solution was controlled by a valve operated by a pH 
meter in the holding tank. Argon and hydrogen were released 
to the atmosphere from the top of the scrubbing tower.
This design of apparatus ensured that much of the 
product settled in the collection flask. Powder which accumulated 
on the bag-filter could be dislodged in a variety of ways and a 
representative sample obtained.for analysis. The narrow-necked 
collection flask could be removed and rapidly stoppered with a 
minimum of exposure to atmosphere.
Hydrogen and methane (C.P. grade from B.O.C, Ltd.) and
argon (Air Products Ltd.) were supplied to the reactor from
cylinders. Boron trichloride was supplied from a steel cylinder
which held 6 kg of the liquid under pressure. The latter was
vaporized in a simple heat exchanger which consisted of a copper
coil (§" o.d. x 15 ft. long) immersed in a thermostatically-
o
controlled water-bath at 80 C. Boron trichloride vapour could 
be supplied at flow rates of up to 2 mole/min. The reactant flow 
rates were monitored with GAP meter flow meters (G.A. Platon Ltd.) 
calibrated at atmospheric pressure and claimed by the makers to 
be accurate to within + 2%. Since the pressure in the apparatus 
fluctuated irregularly due to blockage of. the bag-filter, however, 
the apparent feed rate also varied. The boron trichloride flow 
rate was particularly sensitive to this fluctuation, despite the 
liquid supply cylinder being pressurised to 30 psi. with argon.
The true average flow rate was determined by weighing the supply 
cylinder before and after each run. A run was accepted for 
inclusion in the experimental data provided the boron trichloride 
flow rate was within + 5% of the target flow rate. The back­
pressure in the apparatus was measured with a mercury manometer.
To avoid sudden leakage of reactants into the laboratory in case of
failure of any of the rubber gaskets, the maximum v/orking 
pressure for the apparatus was limited to 250 mm Hg above 
atmospheric pressure.
3.3.2. Experimental procedure
Before each run, the seals in the apparatus were 
pressurised to 200 mm Hg above atmospheric pressure as a 
test for leaks. The system was then purged with argon for 
several minutes to remove residual air. The plasma argon 
supply was set to 30 1/min and the RF coil energised at a 
low voltage which was then increased until a discharge was 
obtained (3.5-4.0KV). A low-energy filamentary discharge, 
formed at a lower voltage (2.5-3.5 KV), usually preceded 
the plasma discharge. This low-energy discharge changed 
spontaneously to-a-plasma discharge when the voltage was 
increased. The discharge was usually self-initiating,
although when necessary it could be started with a Te 
coil applied to the tangential inlet of the torch.
To study the reduction of boron trichloride by CH^/H^ 
mixtures under constant reactor conditions, the reactants 
were pre-mixed and fed into the tail flame of a 20 KW argon 
plasma (argon flow rate 40 1/min). First the plasma was 
initiated and the operating conditions for the run achieved.
The hydrogen flow was then started and was followed by 
simultaneous addition of boron trichloride and methane.
To study the reaction between boron trichloride and 
methane in the absence of argon and hydrogen, boron trichloride 
was used as the plasma-forming gas and methane added to the
f .
plasma tail-flame.
Constant plasma conditions were maintained throughout with a 
boron trichloride flow rate of 100 g/min (19,1 1/min at N.T.P.) 
and a plasma power of 28 KW.
The operation of the plasma on different gases has been 
described in Section 3.2.2. In order to maintain a plasma in 
pure boron trichloride, it was found necessary to use a work 
coil with 8^ turns and a minimum power level of 25 KW. Under 
these conditions, however, an argon plasma (required for initiation) 
could not be operated at greater than 15 KW without damage to the 
RF generator. Once the plasma had been initiated in argon, the 
addition of boron trichloride to the plasma and methane to the 
plasma tail-flame were started. When the reactant flow, rates 
had been set to the required values, the argon flow rate was 
gradually reduced to zero and at the same time the power was 
increased to 28 KW. This start-up procedure was usually completed 
in less than 30 seconds while the shortest total run time was 
6 minutes. Thus the non-equilibrium conditions prevailing at the 
beginning of each run will not have significantly affected the 
overall result.
Runs were timed for the duration of addition of boron 
trichloride and methane. The duration of the runs varied, the 
object being to collect enough product for analysis and to ensure 
that the product weight could be determined with sufficient 
accuracy. At low boron trichloride flow rates (20 g/min), runs 
of 1 hour were necessary, while at high flow rates (100 g/min),
15 minutes was usually adequate. At the end of each run, the 
power was switched off and the reactant flow was stopped.
The system was then purged with argon to remove unreacted boron
trichloride vapour and the collection flask removed and rapidly 
stoppered. The contents of the flask were degassed in vacuo at 
room temperature for 2-3 hours to remove boron trichloride 
adsorbed onto the product surface. As a check, each product 
was analysed for water-soluble boric oxide content as well as 
for boron and carbon. The consistently low level of boric oxide 
and the presence of only trace levels of chlorine (see section 
4;. 1.1.) indicated the efficiency of this technique. After being 
upgraded, the product was weighed and then sieved to remove any 
glass-fibres carried over from the bag filter.
During each run the RF torch was surrounded by dark green 
perspex screens which served to reduce the intensity of the TJV 
and visible radiation from the plasma. The screens also served 
to prevent accidental contact with the live RF coil. Leakages 
of boron trichloride into the laboratory were cleared by flexible 
ventilation ducts around the apparatus.
3.4. Experimental Design
3.4.1.Experimental variables
Research into the synthesis of elemental boron in an RF 
plasma (33) had shown that the most important factors influencing 
the extent of reaction were the reactant composition, reactant 
flow rate (hence the residence time in the reaction zone) and 
the reactant feed configuration. Dependence on all variables 
was quite low. The plasma temperature, which is a function of 
power input, gas composition and flow rate also affected the 
amount of reaction. The difficulty of measuring the temperature 
dependence unambiguously, however, led to its not being studied 
separately, and experiments were carried out under nominally 
constant plasma conditions.
In this earlier work the reactant feed configuration was 
varied in three ways:-
(i) different combinations of the reactants.were fed 
either through the plasma or into the plasma 
tail flame
(ii) the distance downstream from the plasma to the 
inlet manifold was varied 
(iii) by use of suitably angled inlet ports, reactants 
were introduced either normal to or counter- 
current to the plasma gas flow.
The present work was confined to a study of how variations 
in the reactant composition and flow rate affected the extent of 
the reaction and the composition of the product obtained. The 
reactant feed configuration was kept constant during each of two 
sets of experiments. The position of the inlet feed manifold was 
kept constant and the reactants were introduced normal to the plasma 
gas flow. Other variables were kept constant throughout the experimental 
programme so far as was possible. Nonetheless interdependance of 
the experimental variables meant that truly constant conditions 
could not be achieved. This aspect of the work is discussed 
further in .Chapter 3.4.  ^ \ ...
A choice of three parameters was made to permit alterations 
to both the reactant composition and flow rate. The parameters 
were:
i) boron trichloride flow rate 
ii) H /BC1 molar ratio
a  O
iii) CH./BC1 molar ratioQ O
By choice of appropriate values of.(ii) and (iii),
the effect of different reactant compositions could be studied,
while alteration of the value of (i) allowed the overall
| _
reactant flow rate to be varied.
i
3.4.2. Nomenclature
During discussion of the results it is useful to be able 
to refer to sets of runs within which only one experimental 
parameter varied. To facilitate identification of the experimental 
conditions for each run a labelling system was devised which used 
values of the main experimental parameters. Each run was labelled 
with a code which enabled the target values of the experimental 
variables to be readily identified. The label was of the type 
A/B/C in which
A = boron trichloride flow rate (g/min)
B = H /BC1 molar ratio
O
C = CH /BC1 molar ratio
4 o
In the absence of hydrogen, the label becomes A/-/C.
For purposes of cross-reference during discussion, sets of
runs within which only the CHVBC1„ molar ratio was varied were
4 3
labelled A/B. For example, a run labelled 60/4/0.05 was carried 
out at a boron trichloride flow rate of 60 g/min, H /BC1 molar
«  u .
ratio of 4 and CH^/BCl^ molar ratio of 0.05. Similarly, the set 
of runs labelled 100/1 was carried out to investigate the effect 
of altering the CH /BC1 molar ratio while the boron trichloride
ft O
flow rate (100 g/min) and H /BC1 molar ratio (H /BC1 = 1)
£ o  ^  o
were kept constant. •
- 7 0  -
3.4.3. Interdependence of variables
In the absence of an inert diluent, the concentration and 
flow rate of reactants through a continuous flow reactor are inter­
dependent variables. Although argon cannot be considered a 
reactant in the conventional sense, it played an important part 
in the reaction by serving as a heat transfer medium. Electrical 
energy of the RF induction coil was converted into thermal energy 
in the exhaust products from the plasma via the electrically 
excited argon plasma. The course of the reaction depended on the 
thermal history of the reactants as they passed-through the plasma 
tail flame. This in turn depended on the temperature profile and 
enthalpy of the plasma gas. Thus variations in either argon flow 
rate through the plasma or power input to the plasma would have 
caused changes to conditions within the reaction zone. It was 
therefore important to keep plasma conditions constant throughout 
the experimental work.
In principle, a constant.total gas throughput could have 
been achieved by the addition of the appropriate amount of diluent 
argon to the different reactant gas mixtures. However this would 
have required the use of high argon flow rates for many of the 
runs. Under such conditions, the shorter residence times 
together with the much lower reactant concentrations would greatly 
have reduced the overall yield.
The interdependence of flow, rate and concentration of
the reactants is clearly shown in Fig. 1G. In this graph, the
residence time is plotted as a function of the hydrogen
concentration for the BC1 “CH series of runs. The runs
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fall into nine sets, designated A/B, on the nomenclature described 
in section 3.4.2. Within each set only the CH./BC1_ molar ratioft O
was varied.
The figure shows that it was not possible to differentiate
between the effects of residence time and hydrogen concentration
since the residence time was a linear function of the hydrogen
concentration both for sets of runs where the H0/BC1 molar ratio
5^ o
was varied (100/1, 100/4, 100/8, etc.) and for sets of runs where 
the overall flow rate varied (20/1, 60/1, 100/1, etc.). However, 
it should be noted that, as the overall reactant compositions 
were defined by molar ratios relative to boron trichloride, the 
concentrations of all reactants increased in proportion.
3.4.4 BClg-CH^-H^, reaction
The reaction between boron trichloride, methane and hydrogen
is represented by the equation
4BCi„ + CH. + 4H_    B .C + 12HC1  (1)3 4 2 4
The reaction was studied under conditions chosen to form a factorial
experimental design. Previous experience had suggested that some
scatter of the results was to be expected. The factorial experiment
was intended to permit correlations in the data obscured by random
scatter to be emphasized by statistical analysis. In practice,
this exercise was of no value. The scatter was caused by the
uncontrollable leakage of traces of the finely divided product
through the bag filter. Finer filters invariably blocked up
completely, thereby causing a rapid rise in the reactor pressure
and premature termination of the run. No direct evidence was ever
found for substantial losses of product through the filter,
although a slight deposit was occasionally found in the exit
pipe leading to the scrubbing tower.
The reaction was investigated for eighteen different 
reactant compositions. Each composition was passed through the 
reactor at three different flow rates making a total of fifty- 
four runs in all.
Reactant compositions were defined by values of the three 
experimental variables listed in Section 3.4.1. The values are given 
in Table 3.1.
Table 3.1
Values of reaction variables 
for BC1 -CH -H„ runs
O 4 Z /
r BC1 flow rate (g/min)
O
20 , 60 , 100 ,
H^/BClg molar ratio 1 , 4 , 8
CH4/BC13 molar ratio 0, 0.050, 0.063, 0.083, 0.125, 0.250
The effect of variation of the CHVBC1 molar ratio was
4 3
studied at each of the H0/BC1 molar ratios at all three boronZ * o
trichloride flow rates. . '
The range of boron trichloride flow rates was chosen to 
provide a wide range of residence times within the limits of 
stable operation of the plasma. Higher flows caused problems with 
pressure build-up in the reactor while lower flows required 
excessively long runs to give sufficient product. H^/BCl^ values 
were chosen to cover the range from the stoichiometric requirement 
indicated by equation (1) to the excess known to be required for 
reasonable yields of boron in the absence of methane.
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Hydrogen concentrations are expressed as mole ratios 
rather than as a given excess of hydrogen. This is necessary 
because of the different stoichiometric requirements for the 
formation of boron and boron carbide, cf. equation (1) and
2BC13 + 311^   ---* 2B + 3HC1  (2)
Thus, in the absence of methane, a H /BC1 ratio of 1 represents
. m o
a hydrogen-deficient composition according to equation (2).
However, with the appropriate amount of methane present (sufficient 
to give a CH^/BClg ratio of 0.25), the composition then satisfies 
the stoichiometric requirement of equation (1).
The upper limit to the CH /BC1 molar ratio was chosen asTC O
that value which was found to yield a product containing carbon 
in. excess of the stoichiometry B^C. X-ray analysis showed this 
excess carbon to be present as free graphite.
The range of methane flow rates was chosen so as to give -
-I
BC1_/CH molar ratios of 1, 2, 3, 4 and 5 times that required
O 4
according to equation (1). In addition, one run was carried out
in the absence of methane for each H /BC1„ molar ratio and eachz o
boron trichloride flow rate.
The fifty-four runs in this series were divided into two 
3
groups, each forming a 3 factorial design. The runs within one
group, those for which the CH /BCl^ molar ratios were 0.050, 0.125
4 o
and 0.250, were completed before the second group wasstarted.
This was done so that, if the whole series were not completed, 
some analysis of the results would still have been possible using 
the results from one group only.
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Details of the target flow rates of methane, hydrogen and
boron trichloride are given in Table 3.2.
3.4.5. BC1„ - CH, reaction  3----- 4---------
The formation of boron carbide requires a step in which a
boron-containing species reacts with a carbon-containing species.
In the presence of hydrogen, the identification of this step
(assuming it to be the same in each case) is obscured by the
alternative reaction of boron trichloride with hydrogen to form
boron according to equation (2). Other possible reactions yield,
for example, dichloroborone, BHC1 (&5).&
BC1_ + H ----- > BHC1 "+ HC1O 5^ £
At plasma temperatures, however, the major products of the 
BC1„/H reaction are boron and hydrogen chloride. If methane isO A
added, the carbon in it reacts to give boron carbide. Boron
trichloride by itself emerges unchanged from the plasma reactor, but
it will react directly with methane. The products are boron carbide,
carbon, hydrogen chloride and traces of dichloroborane.
If the minor product is ignored the reaction can. be
represented by the equation
4BC1_ + 3CH . -—  > B C + 2C + 12HC13 4 ' 4
The equation predicts that, irrespective of how much reaction takes 
place, a product of fixed composition (though not a true compound) 
should be obtained, represented by the stoichiometry 
If it is experimentally determined that the product contains, say, 
an excess of carbon over this composition, then it follows that the 
by-products must contain either hydrogen or chloroboranes.
[vj.
—  (3)
—  (4)
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Table 3.2
Reactant flow rates for BCl-H-CH. runs ------------ --------------- .1-— 2 - 4-----
H2/BC13
molar
ratio
CH./BCl 
4 3
molar
ratio
BC1 flow rate (g/mln)
O
20 60 ' 100
H2 = 3.8 * H2 = 11.5 H = 19.1 
2
0 c h4 = o * c h4 = 0 o a
. 11 O
0.050 0.19 0.57 0.96
0.063 0.24 0.72 1.19
1
0.083 0.32 0.96 1.59
0.125 0.48 1.43 2.39
0.250 0.96 2.87 4.78
H ' ' = 15.3 H„ =45.8 H =76.4
2 2 2
0 c h 4 = o ch4 = 0 c h4 = 0
0.050 0.19 0.57 0.96
4 0.063
0.24 0.72 1.19
0.083 0.32 0.96 1.59
0.125 0.48 1.43 2.39
0.250 0.96 2.87 4.78
H2 = 30.6 H2 =91.7 H = 152.8 2 '
0 CH - 0 4
c h4 = o CH4 = 0
0.050 0.19 0.57 0.96
8
0.063 0.24 0.72 1.19
0.083 0.32 0.96 1.59
0.125 0.48 1.43. 2.39
0.250 0.96 2.87 4.78
* Hydrogen and methane flow rates in. 1/min.
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Conversely, if the product contains excess boron, the by­
products must contain free chlorine (which is unlikely) or 
chlorinated hydrocarbons. The nature of the by-products will 
give information on the reaction mechanism.
During the work the reactant inlet manifold was found 
to have developed a leak from the water-cooled manifold to the 
gas inlet manifold. The manifold was replaced by another of 
similar design and the runs repeated. The results of the second 
set were found to differ from those of the first. This was 
attributed to uneven mixing of the reactants during the first set 
caused by partial blockage of the inlet ports of the original 
manifold. Methane flow rates of 2 1/min to 17 1/min were used, 
equivalent to CH^/BCl^ molar ratios of 0.106 to 0.921. Details 
of the flow rates for each run are given in Table 3.3.
3.5. Analytical Methods
3.5.1. General Procedure
The solid product from each run was analysed for carbon 
and total boron content. Most products were also analysed for 
the major impurity, water-soluble boric oxide. In addition, the 
chlorine content of several samples was determined.
Samples were sieved to remove brush hairs and fibres from
the filter-bag and also to blend the sample to ensure homogeneity.
o
They were then air-dried at 105 C for 2 hours before being weighed 
for analysis. This reduced the extent of errors from adsorption 
of atmospheric moisture when the samples were sieved.
3.5.2. Analysis for boron
The product was fused with excess sodium carbonate 
according to the method of van Liempt (72) and Mellone and Morris
(73). The sample (0.2 g) was mixed with sodium carbonate (2 g)
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in a platinum crucible previously coated with a thin layer of
fused sodium carbonate. The mixture was then covered with a
layer of sodium carbonate (2 g) and the crucible heated to 
o
1000 C for 2 hours in a muffle furnance. To prevent loss by
o
sputtering, the mixture was maintained at 750 C for 30 minutes
o
before the temperature was raised to 1000 C. The fused mixture
was allowed to cool and leached with 20% HC1. The solution was
neutralized with NaOH until just acid to litmus and barium
carbonate added to precipitate any interfering metallic ions
(74). After boiling, filtration and boiling-to remove CO . the
cooled solution was neutralized to methyl red end point with
0.1N NaOH. The boric acid formed by this process is a weak
monobasic acid (K = 5.8 x 10 and cannot be titrated against
a
a strong alkali. When complexed with mannitol, however, a
relatively strong acid is formed,
i .1.
-C-OH HO -C“0_
|. + V3-0H----> | B-OH + 2H 0
-C-OH HO^ -C-0 ^
I 1
which can be titrated against sodium hydroxide with phenolphthalein 
as indicator. Mannitol (10 g) was therefore added and the solution 
titrated against 0.25 N NaOH.
Results obtained by this method are considered to be 
accurate and the precision was estimated to be + 0.2% relative 
to the figure obtained. The method is not suitable for samples 
with high boron contents (98-100%) (33), but was satisfactory 
for the boron levels obtained in the present work.'
3.5.3. Analysis for carbon
o
Carbon was determined by combustion in oxygen at 1100 C 
in the presence of an accelerator. The carbon dioxide produced 
was absorbed in soda-asbestos and weighed.
A 0.1 g sample of the product was mixed with red lead
PbgO^(l g) and alumina. (2 g). The mixture was transferred to an 
U  • . 0 .
ignited combustion boat which was heated to 1100 C for 1 hour in 
a stream of oxygen (100-120 ml/min.). Carbon dioxide was absorbed 
in a Midvale weighing bottle. Each batch of analyses were compared 
with a blank test which was used to correct the sample absorption 
weight.
Oxygen used in the analysis was purified by passage through 
trays containing anhydrone (anhydrous magnesium perchlorate) and 
soda-asbestos. The exit gases from the furnace were passed over 
manganese dioxide (to remove oxides of nitrogen), silver sulphate 
(to remove hydrogen halides or halogens) and were dried over 
anhydrone before being passed through the Midvale weighing bottle. 
Results obtained were considered to have a precision of + 0.2% 
relative.
3.5.4. Analysis for boric oxide
Water-soluble boric oxide was determined by an aqueous 
extraction followed by a potentiometric titration.
The sample (lg) was boiled in water for ten minutes. Because 
of the impossibility of removing the suspended boron carbide by 
filtration to leave a clear solution (see section (a)), boric acid 
present was complexed with mannitol and titrated against 0.25 N 
NaOH, the end point being determined potentiometrically. This 
method gave results precise to + 0.2% relative.
3.5.5. Analysis for chlorine
Chlorine was determined by conversion to silver chloride 
and comparison of the turbidity of the aqueous suspension with 
known standards.
The sample (1 g) was fused with NagCOg as for the boron 
determination. The melt was leached with 10% nitric acid.
Soluble chloride was then precipitated by the addition of AgNO
3
solution and the turbidity of the precipitate compared visually 
with standards in the laboratory. The method v/as considered to 
have a precision of _+ 10% relative, and served only to show the 
presence of unusually large amounts of chloride.
3.6. Powder. Studies
3.6.1, X-ray diffraction analysis
The X-ray diffraction pattern of the solid product from 
each run was obtained on a Philips 1050 goniometer using CuK (X 
radiation. In addition to the runs carried out under conditions 
already described, five samples of low carbon content were prepared 
to determine the minimum carbon content necessary for the formation 
of the boron carbide crystal structure (run nos. 79-83). The 
lattice parameters of boron carbide are known to depend on the 
crystal composition (59, 61). To follow this dependence, accurate 
measurements of the position of the (021). reflection were made.
This is the strongest line in the XRD pattern of boron carbide.
Its; presence was the test for the formation of boron carbide as 
a reaction product.
During these measurements it was found that thick layer 
specimens (1.5 mm) yielded diffraction peaks that were assymmetrically
distorted, the apparent peak position being too low. This was
explained (75, 76) as being due to absorption and;multiple
reflection of the incident radiation by elements of low atomic
number in specimens thicker than about 50yam. Peak positions
were therefore re-measured with thin layer specimens obtained
by painting a slurry of the powder in acetone onto a glass slide.
This method led to greatly reduced sensitivity, but produced
symmetrical peaks whose position could be measured with a
o
precision of _+ 0.02 28.
At a later date, the position of the (021) peak was re­
measured and at the same time the position of the (104) peak 
determined. From the d spacings calculated for both reflections 
of each sample, the a and c lattice parameters were calculated.
It was therefore possible to determine whether changes in.the 
size of the boron carbide lattice with composition took place 
isotropically.
3.6.2. Electron microscopic analysis
X-ray diffraction analysis showed that sapples with 
low carbon contents (less than 10.9 wt.%) contained both 
^  -rhombohedral boron and boron carbide. An examination of 
several samples by electron microscopy was undertaken to try 
and establish whether these products consisted of a mixture of 
discrete particles of boron and boron carbide. The alternative, 
that the products consisted of a solid solution, would.be 
distinguished by the electron diffraction pattern of individual 
particles.
It was also intended that an approximate particle size 
distribution would be obtained. This would yield information 
on the role of carbon in nucleation of the solid products.
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Samples were prepared by ultrasonic dispersion in water, 
which gave a stable suspension. A drop of the suspension was 
allowed to evaporate on a carbon film. Examination was carried 
out on a JEOL 100B electron microscope. Considerable difficulty 
was experienced in obtaining a suitably dispersed specimen of 
each sample. Although single crystals could be isolated by 
diluting the suspension, at higher concentrations the crystals 
readily agglomerated. This made particle size determination 
very unreliable.
An alternative procedure was attempted whereby the area 
of an electromicrograph covered by crystals was measured on a 
Quantimet and the number of crystals present counted by hand. 
This allows an average figure for the particle size to be 
calculated, but because of particle overlap this estimate is 
too low.
3.7. Plasma Spectroscopy
Direct evidence for the identity of some of the species
formed during reaction in the plasma was obtained by examination
of radiation emitted by the plasma and the luminous tail-flame.
Spectra were obtained using a Hilger and Watts medium quartz
spectroscope and recorded on Kodak BIO plates (sensitivity
range 2200-4500 R) and Ilford Long Range Spectrum plates
o
(sensitivity range 2200-8500 A). Most of the spectroscopic 
work was carried out during research into the synthesis of 
boron and has already been described by Hamblyn (33). Further 
work was limited to an investigation of species present in the 
tail flame of a boron trichloride plasma with methane added 
through the inlet manifold.
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To study radiation from selected regions of the 
plasma, an image of the plasma was focussed onto a brass 
screen perforated by a pinhole 1mm in diameter. The 
position of the screen was capable of adjustment in the 
focal plane to allow light from the required region of 
the plasma to fall on the pinhole. The illuminated pinhole 
formed the light source of the spectroscope.
When the whole plasma was used as the light source, 
the intense radiation required short exposure times ( < 1 sec.) 
•Repeatable exposures were achieved by interposing a camera 
shutter and timer between the plasma and the spectroscope ■■'. 
slit. Because of intense background emission it was usually 
found to be necessary to take several exposures of different 
durations to obtain the maximum detail over the full spectral 
range.
Species present in the plasma tail-flame during the 
synthesis of boron carbide were investigated by means of the 
apparatus shown in Fig. 17. The plasma torch was sealed to 
a water-cooled tube provided with two reactant inlets and 
three viewing ports. The viewing ports were closed with 
silica windows which were continuously flushed with argon 
to prevent deposition of solid material.
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Fig. 17. Apparatus used for spectroscopic examination 
of plasma tail-flame j
CHAPTER 4 
EXPERIMENTAL RESULTS
4. EXPERIMENTAL RESULTS
4.1. Calculation of results
4.1.1 Assumptions concerning product composition 
Before the amount of reaction between boron trichloride 
and methane could be calculated, it was necessary to make certain 
assumptions about the chemical composition of the products.
Analysis of total boron and carbon content accounted for 
between 94.9 wt.% and*100.9 wtv% of each product with a mean 
value of 97.2 wt.%. It was assumed that the balance of each 
product consisted of impurities introduced during the reaction 
or subsequently during sampling and prior to analysis. This 
assumption was tested by chemical analyses and X-ray diffraction 
studies on each sample.
A small amount of boric oxide, B O ,  or its hydrate,
a O
orthoboric acid, H BO , was also found to be present in most
O O
samples. Inclusion of the oxygen content present as B O  or^ O
H„B0 increased the material balance of each product to between
O o
94.9 wt,% and 101.5 wt.% with a mean value of 98.1 wt.%.
Chlorine analyses revealed traces (<0.1 wt.% Cl) present 
in a few samples only. Crude samples which were not subjected 
to vacuum upgrading contained up to 1.5 wt.% Cl, which indicated 
the efficiency of the upgrading technique. Although not determined, 
chlorine was probably present as HC1 formed by hydrolysis of 
adsorbed boron trichloride.
The balance of the chemical analysis was considered to 
be moisture, some of which could be driven off by prolonged drying 
at 105°C. Moisture was present both adsorbed onto the powder 
surface and chemically combined with boric oxide as boric acid.
The moisture came from the atmosphere with adsorption occurring 
after the samples had been upgraded. The equilibrium constant 
of the reaction
2 BC13 + 3H20 _ ^ B 2C>3 + 6HC1, .AH29g= -67.5 Kcal/mole
56
is k25 = 4 x 10 , which precludes the possibility of water
being present in the reactants.
Chemical absorption of water to form boric; acid took place 
rapidly once the sample was exposed to the atmosphere. Over a 
long period, discrete crystals of boric acid formed which were 
visible to the naked eye. The growth of such crystals took 
several months, although the development could be followed over 
a shorter period by X-ray diffraction analysis. It was assumed 
that moisture pick-up did not occur between the weighing of 
product obtained from each run and its subsequent.chemical 
analysis. The. presence of moisture in each sample was therefore 
ignored.
Boric oxide present in the products was assumed to have 
been present in the original boron trichloride. The production 
of the latter was described in Section 3.1.6. The white polymer 
formed by reaction of boron trichloride with boric oxide impurity 
in the boron carbide was probably (B0C1)„. This material wasO
thermally unstable and decomposed to a*lc*
presence of moisture it decomposed exothermally to boric acid 
and HC1. The presence of small quantities of this material in 
the boron trichloride used during the experimental work would 
account for the boric oxide observed in the products. Some boric 
acid would also have been formed by hydrolysis of traces of un­
reacted boron trichloride adsorbed on the product surface.
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Boron carbide formed by reaction between boron trichloride 
and methane in the absence of argon and hydrogen also contained 
boric oxide. This suggested that the argon and hydrogen used 
were not sources of oxygen in the system. •
Boric oxide or acid could be removed by washing the product 
with methanol. This process was successfully used to purify 
elemental boron (33). The much smaller particle size of the 
boron carbide, however, made it difficult to recover from the 
methanol slurry. Filtration did not remove the smallest particles 
and selective retention of the coarser particles would have had 
an unknown effect on the overall,chemicaL composition as well as 
making particle size analysis impossible.
By determining the boron content present as boric oxide 
in each sample, it was possible to correct the total boron content 
to allow for this impurity,
BB.B„C = Btotal ” BBo0o 
» 4 2 3
This correction was also necessary before the molar ratio of boron 
to carbon in the products could be calculated.
4.1.2. Boron trichloride reaction
The extent of boron trichloride reaction to form boron or
boron carbide was calculated from the formula,
m (B - b n )
total B O  '
b = •••»—  - - 3 . 117.17
M 10.81
where m = product weight (g)
M = boron trichloride weight (g)
B , = total boron content of product 
total
B_ _ = boron content of product present as B O
2 3 2 3
4.1.3. Methane reaction
The extent of methane reaction to form carbon or boron 
carbide was calculated from the formula
r _ -m C / 288.16V  /22.414 \
C “ V I 273.16 I I 12.0 I
where m = product weight (g)
C = carbon content of product
V' = measured volume of methane used (1)
The methane volume used was calculated from the measured flow
rate and the duration of flow. A correction factor of /288.16 \
( 273.16 J
appears in the above formula to allow for a laboratory temperature 
of 15°C.
4.2 Product Stoichiometry
4.2.1. BCl^-CH^-H^ reaction  3— -4— 2---------
Details of experimental conditions and results obtained 
during runs in which boron trichloride reacted with CH /H mixtures
4 A
are given in Tables 4.1, 4.2 and 4.3. These tables list, respectively 
runs with boron trichloride flow rates of 20 g/min, 60 g/min and 
100 g/min. Thus each table includes one of each of the eighteen 
reactant compositions investigated.
Results of chemical analyses of products obtained from these 
runs are included together with the calculated values of the boron- 
to-carbon ratio of the reactants, (B/C) and the boron-to-carbon 
ratio of the products, (B/C)p.
Values for the residence time given in the tables were 
calculated from
= reactor volume
total gas flow rate
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Gas flow rates were measured at room temperature and values
of'cjare not therefore true values of the residence time. They
are intended only to allow comparison between runs.
Flow rates of boron trichloride and methane were intended
to give (B/C)_ values of 4, 8, 12, 16, 20 and infinity.
R
Departure from these values arose because of the difficulty of
achieving the larger flow rate of boron trichloride required
for each run. Similarly, the true values of the H0/BC1,- ratio
^ o
differed from the intended values. However, it was expected
that the reaction would be relatively insensitive to the amount
of hydrogen present and this factor was ignored.
The product was invariably found to contain proportionately
more carbon than the reactants. Under conditions of excess
hydrogen, with stoichiometric amounts of methane, i.e. (B/C) = 4,
the product formed at low reactant flow rates usuallyl.had a
composition of approximately B^C# In Fig. 18, (B/C>p is plotted
against (B/C)£. for the runs in which H /BC1 = 1. Figs. 19 and; 20
K 2 3
show similar plots for H /BC1_ values of 4 and 8 respectively.
2 o
At boron trichloride flow rates of 60 g/min and 100 g/min, 
(B/C)p increased linearly with (B/C)^. This trend is less marked 
as the reactant stoichiometry approached that required by equation (1)
4 BClg + CH4 + 4H2 — -----> B4C + 12 HC1 ”
ie H /BC1_ = 1, BC1_/CH = 4. Under these conditions (Fig. 17) the
a o o 4
initial rate of increase of (B/C)-, with (B/C)^ decreased and became
■R R
approximately linear for (B/C)., > 8 .
At boron trichloride flow rates of 20 g/min the dependance
of (B/C) on (B/C)., appeared to be non-linear as shown in Figs. 19 
P R
and 20. This was confirmed when these results were directly
20 g/min BC1
12 0100
(B/C)
O 4 8 12
(B/C)
Fig. 18. (B/C) molar ratio of products vs. reactants
16 20 24
16 • 20 g/min BC1
© 60
100
12
(B/C)
2412 16 20
(B/C)
Fig. 19. (B/C) molar ratio of products vs. reactants
© 20 g/min BC1
(B/C)
H /BC1 = 8 
2----3
(B/C)
Fig. 20. (B/C) molar ratio of products vs. reactants
I6 r ® 20 g/min BC1
12
(B/C),
0
© 60
O 100
t! 11
If 11
0 8
H0/BC1. = 4, 8
12 (b/c )r 16
20 24
Fig. 21. (B/C) molar ratio of products vs. reactants
compared. In Fig. 21, the results shown in Figs. 19 and 20 are 
plotted together. The rate of increase of (B/C)p with (B/C)R 
can be seen to decrease as (B/C)R increases.
Fig. 21 also shows that, provided hydrogen was already present 
in excess (H /BC1 = 4 ) a further two-fold increase in the amount£ O
of hydrogen did not significantly alter the composition of the
product formed. At low values of H^/BCl^ (Fig. 18, H^/BCl^ = 1)
the (B/C)p ratio was less than at these higher values,' and the
rate of increase of (B/C) with (B/C)_ was also less. The rate
P it
of increase of (B/C)p with (B/C)R at the low Hg/BCl^ ratio appeared 
to be independant of the reactant flow rate, as shown by the 
parallel lines drawn through the experimental points in Fig. 18.
The single ’wild’ point in Fig. 18 was almost certainly the result 
of experimental error. This point represents run no. 2, in which the 
total gas flow rate through the reactant feed manifold was a 
minimum. Under these conditions, it is possible that the reactant 
gases did not penetrate to the hot core of the plasma tail flame 
and will thus have experienced different reaction conditions from 
other runs. This phenomenon was also encountered during other 
sections of the work.
The equations of the straight lines drawn thorough the 
experimental data at BCl^ flow rates of 60 g/min and 100 g/min were 
determined by linear regression analysis. In the cases where 
H^/BClg = l, only the last four points were included (for (B/C)R 
nominal values of 8, 12, 16 and 20). This calculation was also 
performed for the combined results shown in Fig. 21,.
The data presented in Figs. 18-20 also permit an effect 
due to residence time to be determined. Any line drawn parallel 
to the ordinate ((B/C)p axis) represents a given reactant 
.composition. The intercepts of such a line with the curves of 
best fit to the experimental data represent the compositions of 
the product obtained when that reactant mixture was passed through 
the plasma! tail flame at’ different flow rates. This treatment 
of the data in order to show the effect of residence time 
requires justification. It was not sufficient to take the 
experimental data for each series-of runs and to plot the (B/C)^ 
ratio against residence time directly. Departure from the 
target reaction conditions caused runs intended to represent the 
same reactant composition at different flow rates to differ 
significantly. Thus the experimental points in Figs. 18,-20 do 
not lie exactly at (B/C)D values of 4, 8, 12, 16 and 20. Never- 
theless the experimental trends are clearly defined and permit 
interpolation of the data with confidence. This procedure did not, 
however, significantly affect the calculated value of the residence 
time. The residence times of runs in which only the “
BC1_/CH molar ratio was varied differed by a maximum of 6%.
O t c
Fig. 22 shows the dependance of (B/C)p on residence time 
for all the runs in this series. (B/C)^ values have been taken 
from Figs. 18-20 for (B/C) values of 4, 8, 12, 16 and 20 and 
plotted against mean residence time values for each set of runs. 
This yields fifteen different reactant compositions each at 
three different residence times.
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For each reactant composition investigated, (B/C^ was 
found to increase with time. High rates of increase were
favoured by a large excess of hydrogen (H /BC1 = 8) together
« O
with a low concentration of methane (CH^/BCl^ = 0.050). Except 
at these extreme conditions, the time rate of increase of (B/C)p 
was approximately linear for each reactant composition but fell 
off slightly at long residence times. At low hydrogen concentrations, 
the rate of change of (B/C^ was largely independant of the methane
concentration. This is shown in Fig. 22 by the data obtained at
an Hg/BClg molar ratio of 1, which appear as a set of parallel 
curves. At higher hydrogen concentrations, the rate of increase 
of (B/C)p was more sensitive to the methane concentration. In 
these cases high rates of increase of (B/C)^ were favoured by 
low concentrations of mbthane. ‘
A further feature of these results appears when a 
comparison is made between sets of runs in which reactant mixtures 
with different HQ/BC1 and CH /BQl molar ratios yield products
A  O T  O
of similar compositions. Under these conditions the rate of change 
of (B/C)p with time at any particular instant was the same for 
the different reactant mixtures (i.e. experimental curves in the 
same part of the diagram are parallel).
4.2.2. BC1 -CH reaction  3---4---------
Details of results obtained during runs in which boron 
trichloride reacted with methane in the absence of argon and 
hydrogen are given in Table 4.4. Two sets of runs were carried 
out. Chemical analyses of the first set revealed a large 
random fluctuation in both (B/C)p ratios and in the amount of
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reaction taking place. Inspection of the apparatus revealed 
a small internal leak in the reactant inlet manifold which 
allowed traces of cooling water to enter the system. This 
• caused intermittent blockage of the inlet parts, with
consequent variation in the degree of mixing achieved. The 
results of this set of runs (run nos. 55-62) are included in 
Table 4.4. but are not used in discussion.
A second set of runs was carried out with a new manifold. 
The composition of the products formed was found to depend on
(B/C) in the manner shown in Fig. 23. The range of product •
R
compositions formed was much smaller than when hydrogen was
present. A nine-fold increase in (B/C)_ produced only a two-
R
' fold increase in (B/C) . The rate of increase of (B/C) with
P P
(B/C)n was also much smaller than when hydrogen was present.
R
The results appeared to show that (B/C)p reached a
maximum value of 0.81 for a (B/C) ratio of 6. Thereafter,
R
any further increase in (B/C) produced no further increase in
(B/C) . The results at high (B/C) values, however, represent 
P R
very low flow rates of methane through the inlet manifold.
The two runs at (B/C) ratios of 9.94 and 6.84 were carried out
R
at only 2 1/min and 3 1/min methane respectively. The ’wild’ 
result mentioned in section 4.2.1 obtained during runs at low 
flow rates with hydrogen present (run No. 2) suggested that 
similar errors might occur during this set of runs. The results 
obtained at these low methane flow rates were therefore treated 
as less reliable than the rest.
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The trend of the results was similar to that shown by 
products formed when boron trichloride was reduced with 
mixtures at low flow rates. Residence times for the runs were 
significantly longer than for any of the runs with hydrogen 
present.
4.3 Yields of Boron, Carbon and Boron Carbide
4.3.1 BC1 -CH -H reaction. O ^ £ -
The extent of reaction between boron trichloride, hydrogen 
and methane was calculated from the amount of boron and carbon in 
the solid products formed. Quantitative determination of gaseous 
by-products was not undertaken. Experimental details and results 
are presented in Tables 4.5, 4.6 and 4.7. The yields of both boron 
and carbon showed considerable scatter because it was difficult 
to collect the product quantitatively. That this scatter was not 
inherent in the reaction itself was shown by the clearly defined 
relationship between the composition of reactants and products 
(Section 4.2.). Further evidence of this was obtained from the 
tabulated values for the production rate. Within sets of runs 
where only the BC1 /CH molar ratio varied, production rates showed
O fx
considerable scatter about a general trend.
The amount of methane reaction was always greater than the 
amount of boron trichloride reaction. This reflects the finding 
that the product invariably contained proportionately more carbon 
than the reactants.
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Effect of Initial methane concentration
In Figures 24 - 34 the conversions to solid
products of boron trichloride and methane are plotted against
the initial methane concentration K l -  Each figure shows
the results from one set of runs in which only the methane
concentration was varied. As methane was only a minor component
of the reaction mixtures (5.73 vol % maximum), within each set,
the methane concentration was, to a good approximation, proportional
to the CH./BC10 molar ratio.
4 3
At low reactant flow rates (BC1 = 20 g/min. Figs. 24,O
25 and 26) the conversion of both reactants increased linearly
with rCH4"| . Both the amount of reaction and the dependance 
L _ o
on JCHj increased as H^/BCl^ increased. The amount of boron 
t J o
■o
than was the amount of methane reaction. Calculated values of
the slopes of regression lines fitted to the data (listed with
each figure) showed that the dependance of the amount of BCl^
reaction on increased two-fold as H^/BCl^ was increased
from 1 to 4. This dependance increased a further two-fold as
H /BC1„ increased from 4 to 8. At H /BC10 = 1, the addition of 
2 3 2 3
1.0 vol % CH^ increased the conversion of boron trichloride 
from 13.2% to 24.4% (values obtained from the regression line).
When H0/BC1_ = 4, the conversion increased from 33.3% to 60.5%,
Z O
and when H /BC1 = 8 the conversion increased from 42% to 86%.
Z o
Note that a concentration of 1.0 vol % methane in the 20/1 set 
of runs is equivalent to a CH /BC1 molar ratio of 0.118, while
* t: O
corresponding values of CH^/BCl^ for the 20/4 and 20/8 sets
trichloride reaction was more sensitive to changes in
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are 0.150 and 0.182. Thus the increased dependence of the 
amount of BCl^ reaction may be due to the greater increase 
in the CH /BC1_ molar ratio. These effects are emphasised
4 O
in Fig. 27, which shows the amount of boron trichloride 
reaction as a function of the methane concentration for all 
the runs at a BC1 flow rate of 20 g/min.
Fig. 28 shows the amount of methane reaction as a 
function of the methane concentration for the same runs shown 
in Fig. 27.
The amount of methane reaction showed a less pronounced 
dependence on the initial methane concentration. Lowest values 
of approximately 50% (excluding the 'wild' result of 21.1%) 
were obtained under conditions of low methane concentration 
(0.5 vol %) and a low H /BC1 ratio. The maximum conversion of
2i o
99% was achieved at a methane concentration of 1.27 vol % with 
a large excess of hydrogen (H /BC1 = 8). The increase in the
/j O
amount of methane reaction as the H^/BCl^ molar ratio increased
is interesting as the straightforward decomposition of methane
in a plasma is inhibited by the presence of hydrogen (98).
At a BC1_ flow rate of 60 g/min (Figs. 29, 30 and 31), 
o
variation in the initial methane concentration had less effect
on the amount of reaction. At H /BC1 = 1, the BC1 conversion
2  o o
showed a slight increase from 25% to 35% as the methane concen­
tration increased from 1.0 vol % to 4.2 vol %. The methane 
conversion results were too widely scattered for a meaningful 
correlation to be drawn. A mean value for the conversion was 
approximately 75%. When Hg/BClg = 4,the BClg conversion again
- 116 -
showed an increase from 35% to 50% as the methane concentration 
increased from 0 vol % to 2.8 vol %. The amount of methane 
reaction was independant of CH^J and had the value of 65%.
When the H /BC1 molar ratio was increased to 8, the conversions
Z u  I
of both reactants decreased as j~CH^ increased. As the methane
-o
concentration increased from 0.5 vol % to 2.0 vol %, the BC1_
O
conversion fell from 40% to 30%, and the methane conversion 
fell from approximately 65% to 35%. The low conversion of BC1
o
in the absence of methane (27%) was probably the result of
experimental error.
A.t the highest flow rate, BCl^ = 100 g/min (Figs. 32,
33 and 34) the results were similar to those at the intermediate
flow rate. When H /BC1 = 1, the BC1 conversion increased from.
2 o o
13% to 27% asT Ch H  increased from 0 vol % to 5.7 vol %. The 
. -*o
methane conversion showed a slight decrease from 70% to 65%
which was insignificant in view of the degree of scatter shown
by the data. When H /BC1 = 4, the amount of BC1 reaction
z o o
remained approximately unchanged at 30%, while the methane
conversion fell from 61% to 38% as CH^l increased from 0.7 vol
■ -*o
% to 3.3 vol %. When H /BC1„ = 8, the BC1 conversion showed
^ O o
a slight decrease from 25% to 20% as the methane concentration 
increased from 0 vol % to 2.2 vol %. The methane conversion 
fell from approximately 45% to 25%.
Effect of residence time
An effect due to residence time in the reactor can be 
demonstrated by comparison of runs carried out at different
BClo flow rates. Thus runs: no. 1, 19 and 37 represent approximately 
o
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the same proportions of reactants passing through the plasma at 
three different flow rates. Other reactant compositions can be 
obtained from similar groups of runs, (i.e. nos. 2, 20 and 38, 
etc.).
Figs. 35 - 40 show the dependance of the amount of
reaction of both BCl^ and CH^ on residence time for increasing 
values of the H0/BC1„*molar ratio. At the lowest H /BC1 ratio, 
residence times lay in the range 0.076 - 0.132 secs. The amount 
of BC1_ reaction was independent of time for all values of the
O
initial methane concentration (Fig. 35). Thus the reaction in 
which boron (or boron carbide) was formed in the plasma was 
completed in less than 0.076 sec. The amount of methane reaction 
showed a decrease as the residence time increased to 0.132 sec. 
(Fig. 36). The most likely interpretation of this result lies 
in the previously mentioned limitation to the efficiency of 
reactant mixing that can be achieved at very low flow rates.
The set of runs with residence times of 0.13 secs includes the 
’wild' datum mentioned in sections 4.21.1 and 4.3.1 .. These 
results suggest that poor mixing may have had a similar effect 
on the measured amount of reaction for all the runs in this set.
When H /BC1 = 4, the amount of BC1 reaction showed a
Z O o
steady increase (Fig. 37). Residence times ranged from 0.044 - 
0.106 sec. The rate of reaction was slightly faster for 
compositions containing greater amounts.of methane. The amount 
of methane reaction (Fig. 38) remained approximately constant 
except at the highest initial methane concentration (run nos. 12,
30 and 48). Under these conditions, the amount of methane reaction 
increased with increasing residence time.
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At the highest H /BC1 ratio, the conversions of both 
2 3
reactants (Figs. 39 and 40) showed an increase over the whole 
range of residence times (0.028 sec.- 0.085 sec.). Initially 
the rate of reaction appeared to be fastest for compositions 
with low methane concentrations. The amount of reaction of 
these compositions then increased only slowly, while compositions 
with higher methane concentrations subsequently showed a more 
rapid rate of reaction.
, 4.3.2 BC1„-CH„ reaction  3---4------ --
Experimental details and results of the reaction between 
boron trichloride and methane.are given in Table 4.8. For reasons 
given in Section 4.2.2. the results obtained during the first set 
of runs were not sufficiently representative to be used in 
subsequent discussions.
Fig. 41 shows the dependence of the amount of boron 
trichloride reaction on the initial methane concentration. For 
methane concentrations from 9.1 vol % to 37.7 vol %, the amount 
of boron trichloride reaction increased linearly from 6.8% to 
34.2%. Extrapolation to zero methane concentration indicates 
that, in the absence of a reducing agent, no reaction would take 
place. This agrees with thermodynamic considerations (Chapter 5. 
which show that boron trichloride does not undergo thermal 
decomposition to boron. At low methane concentrations the low 
conversions again show that complete mixing of the reactants was 
probably not achieved. For methane concentrations from 38 vol % 
up to the maximum of 46.6 vol %, the amount of boron trichloride 
reaction increased more slowly to 36.3%.
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The amount of methane reaction was less clearly defined. 
Fig. 42 shows the results for the same set of runs plotted 
against the methane concentration. Within the limits of 
experimental error, the conversion increased from approximately 
80% at 9.1 vol % methane to 100% at 20 vol %. At higher methane 
concentrations, the amount of reaction remained at approximately 
100%. ‘ . *
4.4. Physical Properties of Plasma Boron Carbide
Boron carbide was obtained as a fine powder. The 
product which collected on the bag-filter consisted of small, 
lightly compacted flakes. These flakes broke up readily when 
passed through a 60 =/£ sieve (250 ^ m  aperture) to yield a free- 
flowing powder. Occasionally a thin spongy deposit formed around 
the inside of the plasma torch. This deposit was physically and 
chemically indistinguishable from the powdered; product. . The 
•formation of irregular whisker-like • growths. which occurred 
frequently during the synthesis of boron (33) was never observed. 
The colour of the products from different runs ranged from brown 
for plasma boron through grey (composition B^C) to black for 
products containing excess carbon.
4.4.1. X-ray diffraction analysis
X-ray diffraction analysis of samples containing only 
small amounts of carbon (< 4.6 wt %) failed to reveal' the 
presence of boron carbide. These samples showed a diffuse 
diffraction pattern of yB -rhombohedral boron. The diffraction 
pattern was diffuse due in part to the small crystallite size 
and in part to the poorly defined crystal structure. The latter
-  JLiSO ~
probably arose because of rapid quench rates achieved in the 
plasma tail flame.
At a carbon content of 4.6 wt %, the sample still showed 
the boron crystal structure, but the most prominent line of the 
boron carbide pattern just became visible. Thereafter, as the 
carbon content increased to 10.9 wt %, the boron carbide pattern 
became more pronounced while the -rhombohedral boron pattern 
diminished. Fig. 43 shows the diffraction patterns of three 
samples with carbon contents of 6.2, 21.3 and 37.8 wt%.
Samples with carbon contents from 10.9 wt % to 21.4% showed 
only the boron carbide structure, except for three samples with 
carbon contents up to 13.9 wt % which also contained traces of 
-rhombohedral boron.
In addition to containing boron carbide, samples with 
carbon contents greater than 22.4 wt % (with one exception) also 
showed the diffraction pattern of free graphite. No sample showed 
the presence of both free boron and free carbon. The major 
impurity, boric acid, also showed in the diffraction pattern.
Because it has a well-defined crystal structure, the intensity of 
the reflection (measured as the height of the recorded peak) was 
proportionately greater than the amount of boric acid present.
The positions of the (021) and (104) reflections were 
chosen as guides to changes in the lattice parameters with 
variation in the carbon content of the product. These are the 
two most prominent lines in the boron carbide pattern. Accurate measure­
ment of the (104) reflection was not always possible because in 
some samples it was masked by the pattern of -rhombohedral 
boron.
H BO
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lift- boron
H„BO
37.8%
21. 31No. 12
p -boro: yS -boron
No.8
6.2% C
— .— .— i— i— & — i— i— i— -i
DIFFRACTION ANGLE (°26)
Fig. S3. X-ray diffraction pattern of plasma boron carbide
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Fig. 44 shows an assymmetric peak obtained from a
1.5 mm thick sample mounted in a conventional aluminium
holder. Also shown is the peak obtained from a very thin
layer formed when a slurry of the same sample in'acetone
was painted onto a glass slide and allowed to dry. This peak
is symmetrical but much less intense. The apparent position
of the peak obtained from the thick layer specimens was 
o
0.11 - 0.20 20 lower than the true position measured from
the thin layer sample. Several repeat measurements were 
carried out on a number of samples to determine the accuracy 
to which the angle could be measured. The result of five 
trials showed the measurements to be accurate to + 0.02° 20.
The measured position of the (021) and (104) peaks of 
samples of carbon content up to 70.1 wt % are given in Table 4.9 
Also included are the calculated values of the a and c lattice 
parameters. For details of this calculation see Appendix B.
In Fig. 45 the position of the (021) peak from the first 
measurements is plotted against the carbon content. The points 
are shaded to indicate samples which also contained free boron 
or free carbon.
As the carbon content increased from 4.6 wt% to 21.4 wt% 
the diffraction angle of the (021) peak increased from 37.30° 
to 37.84°20.The peak position for all samples with carbon 
contents in excess of 22.0 wt% lay between 37.84° and 37.88'°20. 
The peak position of samples with a low carbon content (4.6 -
14.0 wt%) show a spread the approximate limits of which are
Sample - boron carbide 
run no. 40
thick layer
thin layer
37.5 37.0
DIFFRACTION ANGLE (26)
Fig. 44. (021) diffraction peaks from thick and thin layer samples
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Table 4 .9 
Lattice parameters of boron carbide,
variation with carbon content
Run no. Wt.%C d(021)*
°20
d(021) d(104) >o o >o
2 6.8 37.40 37.39 34.76 5.667 12.139
3 14.5 37.54 37.47 34.74 5.655 12.158
4 15-.0 37.57 • 37.52 34.76 5.647 12.155
5 18.5 37.79 37.73 34.90 5.617 12.115
6 28.7 not available for measurement
8 6.2 37.37 37.35 34.71 5.673 12.157
9 7.8 37.42 37.38 34.72 5.669 12.156
10 8.5 37.42 37.38 34.71 5.668 12.161
11 13.5 37.52 . 37.47 34.70 5.655 12.177
12 21.3 37.84 ' 37.78 34.94 5.609 12.103
14 6.4 37.26 37.23 34.76 5.692 12.118
15 7.0 • 37.37 37.32 34.73 5.678 12.144
16 8.5 37.45 37.41 34.71 5.664 12.165
17 12.4 37.49 37.44 34.71 5.659 12.169
18 21.4 37.84 .37.80 34.96 5.607 12.096
20 13.4 37.46 37.46 34.73 5.656 12.162
21 15.7 37.61 37.58 34.79 5.638 12.148
22 17.9 37.72 37.68 34.85 5.624 12.133
23 21.1 37.83 37.80 34.96 5.607 12.096
24 35.3 37.86 37.84 35.01 , '5.601 12.077
26 8.1 i 37.38 37.34 34.75 5.675 ’ 12.137
27 9.5 37.41 37.33 34.73' 5.676 12.145
28 12.0 37.48 37.42 34.75 5.663 12.147
29 16.6 37.65 37.62 34.82 5.633 12.139
30 24.6 37.85 37.84 34.98 5.601 12.091
32 7.4 37.25 37.23 34.80 5.693 12.099
33 8.7 37.35 37.34 34.76 5.675 12.132
34 11.8 37.44 37.44 34.75 5.660 12.150
35 14.8 37.55 37.52 34.74 5.647 12:165
36 23.2 37.84 37.78 34.94 - 5.609 12.103
38 14.7 37.55 37.51 34.74 5.649 12.163
39 15.8 37.62 37.59 34.80 5.637 12.145
40 20.5 37.80 37.77 34.93 5.611 12.106
41 23.1 37.86 37.84 34.99 5.601 12.086
42 37.8 37.86 37.82 34.99 5.604 12.084
44 9.3 37.35 37.32 34.75 5.678 12.134
45 10.9 37.45 37.42 34.74 5.663 12.152
46 13.2 37.55 37.49 34.77 5.652 12.146
47 18.4 37.70 37.67 34.85 5.625 12.131
48 24.0 37.85 37.80 34.96 5.607 12.096
* First measurement
(contd.)
Table 4.9 (continued)
Lattice parameters of boron carbide, 
' variation with carbon content
Run no. Wt.%C d(021)*
°20
d(021) d(104) a R
o
<o
50 8.9 37.35 37.30 34.75 5.681 12.132
51 10.9 37.49 37.43 34.71 5.661 12.167
52 13.8 37.56 37.51 34.77 5.649 12.149
53 18.3 37.70 37.65 34.85 5.628 12.129
54 22.5 37.84 37.80 34.95 5.606 12.100
55 48.5 37.84 Not measured
56 50.9 37.86
..... 57 45.3 37.86
.58 ! 53.5 37.88
59 48.9 37.86
60 > 54.7 37.84
61 67.5 37:88
62 66.4
63 55.6 37.84
64 : 56.6 37.88
65 56.1 37.84
66 58.4 ' 37.85
67 '58.5 37.84
68 59.5 37.86
69 61.7 37.84
70 61.4 .37.86
71 62.8 r 37.86
72 65.0 37.86
73 65.2 37.85
74 67.7 +
75 69.1 +
76 69.6 +
77 68.4 + (
, 78 70.1 +
79 : :3.o **
80 4.6 37.35
81 6.5 37.30 37.30 34.74 5.681 12.137
82 8.1 37.33 37.29 34.73 : 5.683 12.140
83 9.9 37.38 37.38 34.75 5.669 12.142
** Not detected in sample
+ Not measured
indicated in the figure. The lower limit is an extension of the 
straight line fitted to the experimental points lying in the 
range 14.0 - 21.4 wt^C. The displacement of the boron carbide 
peak in samples with a low carbon content towards higher values 
of the diffraction angle is consistent with the evidence that 
these samples also show the presence of free boron. Thus the 
boron carbide peak in these samples will have arisen from 
crystallites with a higher carbon content than the sample taken 
as a whole.
Above a carbon content of 22 wt % the d (021) spacing
shows no further change, the mean value for the diffraction angle
being 37.86°20. A second-order curve fitted to the data at 
lower carbon contents intersects this line at the point corres­
ponding to a carbon content of 21.6 wt %. This is a good approx­
imation to the composition B^C (21.7 wt % carbon).
In Fig. 46 the position of the (021) and (104) reflections 
are plotted against carbon content. The repeat measurements of
I
the; position of the (021) reflections are in good agreement with 
the earlier determination, the slightly lower values being 
due to re-calibration of the X-ray set between measurements.
The point at which the d(021) lattice spacing ceases to 
change is not so well defined as in Fig. 45 as few samples with
a high carbon content were re-measured.
The position of the (104) reflection was independent of 
the^ carbon content below 14 wt % C. At a higher carbon content 
the lattice spacing contracted as the carbon content increased.
3
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The minimum value of the d(104) spacing was poorly defined 
and was reached at a carbon content of 22-24 wt %.
In Fig. 47 the calculated values of the a and c lattice 
parameters are plotted as functions of the carbon content.
The incorporation of carbon into the boron carbide lattice 
is accompanied by a contraction in the lattice parameters in 
the a (and equivalent b) directions, i.e. normal to the C-B-C 
chain. The contraction is linearly dependant on carbon content 
and continues up to a maximum of 22 wt % C.
In the c direction, parallel to the C-B-C chain* the 
lattice shows a small increase as the carbon content increases 
to 14 wt %. A further increase in the carbon content causes the 
lattice to contract linearly to a minimum at about 24 wt % C.
As shown in Figs. 46 and 47, the onset of contraction in the 
c lattice parameter corresponds to the presence of carbon in 
excess of the composition B (CBC) with 14.6 w.t % C.
The existence of crystallites of both boron and boron 
carbide in the same sample raises the question of the respective 
crystallite sizes, i.e. the domain over which the reaction products 
were not homogeneous. From rates of crystal growth calculated from 
vapour pressure data, a measure of the relative rates of reaction 
could be obtained and related to the observed crystallite sizes.
A preliminary estimate of the crystallite size was obtained from 
line-broadening measurements of the x-ray data. Measurements 
made on five samples indicated that the crystallite sizes of 
both -rhombohedral boron and boron Carbide lay in the range 
200-300 R.
5
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It was noticed that diffraction patterns of samples 
obtained from runs at low reactant flow rates were generally 
sharper, i.e. more crystalline, than from runs at high flow 
rates. The implication was that the quench rate in the plasma 
tail flame at high flow rates did not allow sufficient time for 
complete crystallization to take place. This was tested by heating 
one sample with a diffuse diffraction pattern (run no. 40) 
to 1600°C for two hours. (The sintering temperature of ceramic 
materials is usually taken as two-thirds of the melting point 
in degrees Kelvin (77).) The treatment caused no detectable 
change in the powder diffraction pattern. This experiment also - 
indicated that inhomogeneity of the crystals was not caused by 
rapid quenching. No significant change in the peak height of 
either the boron carbide or boron peaks was observed, which 
suggested that high concentrations of carbon in the lattice
will not readily diffuse info boron-rich areas to form the boron ....
carbide structure.
4.4.2. Particle size and crystal structure of boron carbide
The products from eight different runs (nos. 5, 8, 9, 10, 11, 
12,. 29 and 53) were examined to identify any variation in properties 
with composition or residence time in the reaction zone.
Crystal structure of plasma boron carbide
The samples examined were seen to consist of both irregular 
particles and crystals. Samples with low carbon content also 
contained particles of approximately circular cross-section, similar 
to those reported in plasma boron (33). The proportion of crystalline 
material increased with the total carbon content. Many crystals 
showed clear electron diffraction patterns with hexagonal symmetry.
No other diffraction patterns were observed except in particles 
believed to consist of -rhombohedral boron. In some cases, 
only partial diffraction patterns were obtained. Such cases were 
attributed to the particle or crystal being too thick.
The most common crystal shape was the rhombus. Other 
crystal shapes derived from this were also observed, including the 
hexagon and the triangle. Plates la and lb show a large hexagonal 
crystal and its electron diffraction pattern. Plates '2a and 2b 
show a rhombic crystal and its electron diffraction pattern, 
while Plate 3 shows a triangular crystal for which no clear 
diffraction pattern was obtained. The crystals in Plates 2a and 
3 were coated with aluminium to provide an internal standard on 
the electron diffraction pattern. Measurement of the angles between 
the faces of the different crystals showed them to be related to 
each other, as shown below, and to the rhombohedral cell of B gCg
iz\
\
Interfacial angles of crystals shown in Plates la, 2a and 3 .
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This was confirmed by calculating the a spacing of the rhombo­
hedral unit cell from the electron diffraction patterns.
Will (84) gives the rhombohedral lattice parameters for 
B C. as a = 5.175 R, cx =65.74°. The measured interfacial
XO
angles are shown in the figure, and a value of a = 5.26 $ was 
obtained for the hexagonal crystal. These observations indicate 
that the three crystals shown are probably thin plates lying with 
their rhombic faces normal to the direction of the electron beam.
Other examples of these crystal habits can be seen in Plates 7-13.
Sample No. 5 contained many rod-like crystals, shown in 
Plates 4a and 10. The electron diffraction pattern of one of these,
shown in Plates 4b, revealed it to be an elongated version of the
rhombohedron-based crystals already shown.
The other rod did not give a clear diffraction pattern (Plate 4c),
and may have been too thick for such measurements.
Similar hexagonal electron diffraction patterns were also 
obtained from irregular clusters which possessed no apparent 
crystalline features. Plates 5a, 5b, 6a and 6b show two such 
clusters and their electron diffraction patterns. Rhombohedral 
lattice a values of 5.16 ^ and 5.29 ^ respectively were obtained 
from these diffraction patterns.
It was discovered that the indicated camera length, required 
for the calculation of the lattice spacing, was liable to considerable 
error. By coating some samples with aluminium an internal calibration 
was possible. When this could not be done, best estimates of the 
camera length obtained from recently examined coated samples were
used in the calculations. The scatter in the calculated lattice 
spacings probably reflects this error, although it is possible 
that the crystals are tilted slightly out of plane.
Distribution of carbon and boron in the crystals 
The uncertainty in the camera length prevented the 
distribution of carbon in the crystals of a given sample from 
being determined. As sbown in section 4.4.1, an accurate measure­
ment of the lattice parameters is required, which it was not 
possible to make.
The spherical particles in samples of low carbon content 
showed complex diffraction patterns. Plates 7a and 7b show 
typical particles from sample No. 9 and the diffraction pattern 
of a angle particle. The diffraction pattern cannot readily be 
indexed. It is thought that such particles consist largely of
-rhombohedral boron which gives a similar complex diffraction 
pattern. Particles showing the regular dodecahedral symmetry 
reported by Hamblyn (33) were not observed. Although it will be 
shown that boron usually condenses at temperatures below its 
melting point (2573 K) , the occasional formation of spherical particles 
was probably caused by re-circulation of the gas stream up into 
the plasma. Irregular particles already formed will thus have 
been spherodised by melting. The condensation temperature of 
boron and boron carbide is discussed in Chapter 5.
Variation of particle size with carbon content and 
residence time
Attempts to measure the variation in particle size with 
composition and residence time did not succeed because of the 
difficulty of achieving a suitable particle dispersion. At low 
concentration, the particles could be counted, but the number 
present was not sufficiently representative. At higher
concentrations, agglomeration prevented the particles from 
being counted and their effective area from being measured.
By comparison of representative clusters of crystals 
at the same magnification, significant variations in particTe 
size can be observed. Plates 8, 9 and 10 show three different 
samples (from runs No. 53, 29 and 5 respectively) which have 
similar carbon contents, ^ 18 wt% C, but which were prepared 
at residence times of 0.029, 0.064 and 0.131 secs respectively. 
The progressive increase in particle size with the time 
available for reaction can be clearly seen.
Similarly, Plates 11, 12 and 13 show three samples (from 
runs No. 9, 10 and 12 respectively) which were prepared at the 
same overall reactant flow rate, but which have different carbon 
contents. As the carbon content increases from 7.8 - 21.3 wt.%C, 
the particle size can be seen to decrease from a mean diameter 
of approximately 0.3 yU to an estimated 0.03 yi.
4.5 Spectroscopic Results
Spectroscopic examination of the ultra-violet emission 
from plasmas containing Ar/Ar-H^, Ar-BCl^ and Ar-BCl^-H^ 
mixtures was undertaken during research into the reduction of 
boron trichloride to elemental boron. The analysis of results 
obtained during this section of the work, together with details 
of the mathematical treatment of the data used to calculate the 
plasma temperature, has been given by Hamblyn (33). The emission 
spectrum of the tail-flame of a BCl^-CH^ plasma was later 
examined in order to identify species present in the reaction 
zone.
4.5.1 Temperature profile of an argon plasma 
The radial temperature profile through the centre of an 
argon plasma (flow rate 15 1/min, plasma power 10KW) was 
determined from the relative intensities of five lines in the 
argon spectrum.
Using the moveable pinhole technique, described in 
Chapter 3.7, an image of the plasma 16mm in diameter was 
scanned. This allowed measurements to be taken at nine non­
overlapping positions across the plasma radius. Exposures were 
made on Kodak BIO plates using.a slit height of 2mm and a slit 
width of 0.03mm.
The optical densities of the lines obtained on the exposed 
spectrographic plates were measured on a microdensitometer. 
Table 4.10 shows the optical densities measured during this 
experiment.
Table 4.10
Optical densities of argon spectral lines 
measured across plasma radius (33)
Radial 
position (mm)
Areon line wavelength (X)
4182 4259 4266 4272 4300
0 (axis) 0.356 0.870 0.309 0.625 0.387
1 0.314 0.778 0.269 0.558 0.343
2 0.311 0.786 0.276 0.558 0.350
3 0.315 0.780 0.260 0.550 0.334
4 0.315 0.798 0.276 0.562 0.330
5 0.262 0.683 0.222 0.468 0.277
6 0.130 0.385 0.111 0.254 0.181
7 0.098 0.266 0.094 0.202 0.106
8 (edge) 0.049 0.162 0.044 0.108 0.054
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By assuming the plasma to be cylindrically symmetrical, 
the measured intensities were mathematically treated to obtain 
the emission as a function of the radius of cylindrical elements 
within the plasma (109 ). The normalized intensities were then 
used to calculate the temperature profile across the plasma 
using the method of Larenz ( n o  ) and Krempl (ill ). The 
temperature profile thus obtained is shown in Fig. 48 
The peak temperature at the centre of a 10KW plasma was found 
to be 20,000 K.
' 4.5.2 Photochemical dissociation of boron trichloride
When boron trichloride was added to the plasma-forming gas, 
the luminous region normally associated with the plasma discharge 
expanded to fill the whole interior of the torch upstream from 
the RF coil. The effect persisted up to 20cm from the plasma, 
the maximum distance that could be investigated with the plasma 
torch. The relatively low temperature reached by the uncooled 
closed end of the torch indicated that the effect may have been 
caused by photochemical excitation of boron trichloride. The intensity 
of the radiation increased with the RF power and with the 
concentration of boron trichloride.
Spectra of the radiation upstream from the plasma were 
obtained at several different positions along the torch axis.
The same method was used as for temperature measurements across 
the plasma. At one position measurements were also made of the 
change in intensity with boron trichloride concentration.
Several exposures of different durations were taken at each set 
of conditions. An indication of the degree of dissociation was 
obtained by measuring the intensity of the BII line at 
2432.2 X. Measurements were taken at the positions indicated 
in Fig. 49.
PL
AS
MA
 
TE
MP
ER
AT
UR
E
143
20co
18
16
14
12
10
PLASMA RADIUS (MM)
Fig. 48. Temperature profile across an argon plasma (33)
plasma
gas
tail feed
o
o
o
o
o
o
o
o
o
o
o
o
o
7 cms
9 cms
x = distance from torch inlet 
to observation point for 
spectroscopy
4.5 cms
Fig. 49 Spectroscopic observation points along plasma axis
Table 4.11
Variation in optical density of BII line (2432.3 i?) 
with distance from plasma (Ar-BCl„ plasma, power level 10KW)
(33) 3\. .
Exposure 
time (sec)
Axial position x (cms)
JO-0 to bo 5-0 15 .O
1 0.337 0.036 0 0 0 0
2 0.414 0.122 0.020 0 0 0
5 0.870 0.461 0.147 0 t 0 0
10 1.284 0.672 0.318 0.055 0 0
20 1.575 1.252 0.520 0.180 0 0
50 2.256 1.656 O.fcfcO. 0.484 0 0
Table 4.12
Variation in optical density of BII line (2432.3.1?) with 
boron trichloride concentration 
(x -2 cms, exposure time 2 sec, Ar-BCl plasma, power 
level 17KW) (33)
0 C13]
(atm)
Optical
density
0.047 0.146
0.190 . 0.238
0.375 0.327
0.900 0.351
The optical densities of the BII line measured from spectra 
obtained during these experiments are given in Tables 4.11 and 
4.12. Fig. 50 shows the increase in B+ emission as the gas 
stream approaches the plasma. The 2432.3^ line could just be 
detected at a distance x = 5". cms. Further upstream, the UV emission 
was very weak and consisted of the BI doublet at 2496.8 X and 
2497.7 R and BC1 band emission at 2660-2780 R together with a weak 
continuum.
Fig. 51 shows the increase in intensity of BII emission with 
boron trichloride concentration. The maximum value was reached 
as the boron trichloride partial pressure approached 0.5 atmospheres.
4.5.3 Species present in Ar-BCl -H„ plasmasO &
Spectroscopically active species present in Ar-BCl^-H^ plasmas
were identified from spectra obtained using the whole plasma as
the light source. Ar-BCl„ mixtures were used as the plasma gas
o
with hydrogen added to the tail flame through ports angled up 
towards the plasma, thus ensuring that some hydrogen was present 
in the plasma region. This procedure was necessary as the
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Fig. 50. B emission as function of distance from plasma (33)
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Fig. 51. B emission as function of BC1. partial pressure (33)
addition of hydrogen to the plasma gas caused boron to deposit 
on the torch walls which obscured the view of the plasma.
The presence of a strong background continuum from 2500 S to
3420 i? probably due to molecular chlorine^ made it necessary to obtain
spectra over a range of exposure times from 0.2 sec. to 0.6 sec.
to record both weak and prominent lines.
Assignment of the lines and bands in the spectrum was 
carried out by Hamblyn (33). The most prominent features of 
a 25KW plasma are given below, and a list of the atomic 
and molecular species identified in Table 4.13.
Atomic emission Molecular emission (33)
Argon I and II 
Boron I and II 
Silicon I 
Copper I
BCT self absorbed
BC1 weak 
+
Cl0 strong continuum
Cl0 strong bends £
BO band
Silicon, copper and oxygen were probably present as impurities 
in the boron trichloride.
4.5.4 Species present in an Ar-BCl^-CH^ plasma tail-flame 
A qualitative examination of the emission from the tail flame 
of an Ar-BCl -CH plasma was carried out. Methane was passedO 4
into the tail flame of a 20 KW Ar-BCl„ plasma and spectra obtainedO
at three positions below the plasma. The precautions necessary 
to prevent boron carbide deposition on the silica viewing ports 
have been described in Chapter 3.7. For comparison, spectra from 
Ar, Ar-BCl^, Ar-BCl^-CH^ and Ar-CH^ mixtures were recorded on the 
same plate. Spectra obtained at the positions indicated in Fig. 49 
are shown in Plates 14-17.
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Table 4.13 
Analysis of Ar-BCl ~H plasma (33)
O &
Measured
Yavelength
(X)
Ref.
Wavelength
(A)
Atomic
Emission
Molecular
Emission
Ref.
Source
2263 * Unknown
Doublet
2352 Line
2387 2387.99 Argon II (107)
2428 Line
2433 2432.99 Boron II ft
2463 Line
2441 Line
2450 Line
2496 2496.78 Boron I
2497 2497.73 Boron I
2506 2506.90 Silicon I VI
2513 2514.33 Silicon I
2515 2516.12 Silicon I
2518 2519.21 Silicon I
2523 2524.12 Silicon I
2528 2528.52 Silicon I It
2531 Line
2546 Line
2611 Line
2629 Line
2657 2659.8 r.b.h. red
BC1 (1,0) (112)
2686 Doublet
2722 2720.0 b.h. (rev.) «»
BC1 (0,0)
2731 2727.8 b.h. ft
BC1 (3,3)
2783 2783.7 b.h.
„ t t
BC1
2791 2792.4 b.h. VI
BC1 (4,5)
2839 Line
2848 2847.5 BC1 It
2861 Line
2881 2881.58 Silicon I (107)
2987 2987.65 Silicon I
3008 Line It
3032 3032.28 Boron II
3173 3172.9 Argon I
3232 b.h
3261 3260.74 Boron II
3350 b.h. (113)
b c i2
3361 3360.09 Boron
(contd.)
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Table 4.13 
(contd.)
Measured Ref, Atomic Molecular Ref.
avelength
(X)
Wavelength
(h
Emission Emission Source
3372 b.h.
BC12
If
3384 Line b.h.
BC12
ft
3438 Line
3451 3451.41 Boron II
3452 3452.28 Boron II
3499
3570
3600
3570 .__ . _■ v b.h.BCl 
Fine band
(113)
3800 structure
3820
3910 Line
4180 4181.88 Argon I
4240 4245.. 9 R.b.h.B-H (112)
4319 4319.2 R.b.h.B-H If
4330 4331.6 Q.b.h.B-H »f
4360 4363.4 R.b.h.B-0 ft
Table 4.14
Analysis of Ar-BCl„-CH. plasma tail-flame (see also Table 4.13)
O ft
Measured Ref. Atomic Molecular Ref.
ivelength
(X)
Wavelength
(£)
Emission Emission
2478 2478.6 C I (107)
3587 3587.6 (112)
ft
3589 3592.9 • °2
3601 3607.3
b.h.0H
If
3885 3889
ft
4049 4049.8 Cc3
Iff
4107 4102
b.h Jh
If
4249 4245.9
ft
4315 4314.2 b.h.CH
ft
4330 4331.6 b.h.BH
ft
4365 4363 b.h.BH
If
In addition to the species detected in Ar-BCT -H_ plasmas
O a
(Plate 14), spectra obtained from the tail-flame of Ar-BCl -CH
O 4
plasmas (Plates 15-17) showed the presence of the molecules 
C, Cgi Cg and CH. Also prominent was the spectrum from the 
BH molecule. A supplementary list of species detected: in the 
tail-flame of Ar-BCl^-CH^ plasmas is given in Table 4.14.
■ o '
The continuum attributed to chlorine at wavelengths up to 3420 A 
was absent from the tail-flame of plasmas containing boron 
trichloride. Instead, a pronounced band structure due to BO 
was observed at wavelengths up to 4350 X. As the viewing position 
was moved downstream from the plasma, a continuum appeared which 
shifted to progressively longer wavelengths. This was presumably 
caused by background radiation from the cooling plasma tail flame.
4.6. Analysis for Gaseous By-products  -
The presence of gaseous reaction by-products was determined
by IR spectroscopy and gas chromatography. Apart from hydrogen 
chloride and unreacted boron trichloride, the products from reaction 
compositions containing methane were invariably found to contain 
significant quantities of dichloroborane, BHC10. This compound
a
can be detected in the presence of boron trichloride by its IR 
spectrum (96) which consists of a weak singlet at 2600 cm * and 
two strong doublets at 1098, 1084 cm * and 898, 885 cm * due to 
B-Cl stretching.
Samples were taken at a point downstream from the bag-filter
where the gases had cooled to room temperature and thus represented
the .final products of reaction. Analysis was carried out on a 
Perkin-Elmer 337 double-beam grating spectrophotometer with air 
as the reference. The test sample was contained in a 10 cm gas
cell filled to atmospheric pressure. Samples were taken from 
runs which represented the complete range of experimental 
conditions. Quantitative determinations of the concentration 
of dichloroborane were not undertaken as the analyses were 
intended only to establish the conditions under which this compound 
was formed.
The suggestion in Chapter 3.4.5 that reaction between boron 
trichloride and methane could yield hydrogen as a product was 
tested by subjecting the gaseous products to gas chromatographic 
analysis. The presence of boron trichloride prevented quantitative 
determinations from being carried,out.. Both hydrogen and dichloro­
borane were detected in the sample. When a further sample of the 
gaseous products was shaken with 5% sodium hydroxide solution,
hydrolysis of boron trichloride and dichloroborane and absorption
3
of HC1 caused a reduction in the sample volume from 650 cm to 
3
85 cm (measured at S.T.P.). The residual gases were found to 
contain a much greater proportion of hydrogen. No other products 
were detected.
CHAPTER 5 
DISCUSSION
5 * DISCUSSION
5.1. Thermodynamic Equilibrium Compositions of the 
Ar-BCi„-II, ~CII System " ”
~r “  T::— “ “ O  Z i “i - »—  ■ "
The thermodynamic equilibrium composition of mixtures 
containing boron-trichloride, hydrogen, methane and argon was 
calculated for the temperature range 1000-6000 K. The calcu­
lation method was based on the minimization of free energy (94) 
and used data taken from the JANAF thermochemical tables (16).
These calculations yield information that is of considerable 
value during discussion of possible reaction mechanisms. In 
particular, the temperature at which solid species start to 
condense can be obtained together with the composition of the 
gas phase at the condensation temperature. Also, the maximum 
yield of the solid phase (or phases) can be determined together 
with the temperature at which this occurs. ,n.
Table 5.1 lists the reactant mixtures for which thermodynamic 
equilibrium compositions were calculated. The table also gives 
the condensation temperature of solid species formed and the
temperature T at which the amount of boron or boron carbide ^ max
present reached a maximum. Where a boron-rich mixture was formed,
T usually refers to boron,where a carbon-rich mixture was formed, 
max
T refers to boron carbide. The calculated conversions of boron 
max
trichloride and methane were obtained by assuming the reaction
freezes at T . I n  Figs. 52-62, certain of the thermodynamic 
max
equilibrium compositions are plotted as functions of temperature.
Fig. 52 shows the equilibrium composition fo.r boron 
trichloride at one atmosphere pressure. Also shown is the 
saturated vapour pressure.curve for boron. It can be seen that
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the partial pressure of boron vapour never exceeds the 
saturated vapour pressure of boron, thus solid boron cannot 
be obtained by the thermal decomposition of boron trichloride.
Figs. 53-55 show the equilibrium compositions of three 
Ar-BCl ~H0 mixtures each having the same boron trichlorideO ^
8.6 mole %) at H/BC1 molar 
« o
concentration ( =
ratios of 2, 4 and 9 respectively. A significant feature of 
these diagrams concerns the boron species present in the gas 
phase near the condensation temperature. As the mixture cools 
below 5000 K, the concentration of boron vapour falls rapidly 
due to the formation of BC1 and B01o. At the condensation _ .
temperature, the amount of boron present as the vapour is 
negligible.
Below the condensation temperature, the mole fraction of
solid boron increases as the hydrogen concentration increases.
Above the condensation temperature, the BC1 and B ^ ^  concentrations
show a small rise and the BC1 concentration a small drop as the
hydrogen concentration increases. The condensation temperature
increases due to the greater proportional increase in the solid
phase concentration of boron over the gas phase and to the
greater temperature dependence of the former over the latter
(i.e. the steeper curve of B. . near the condensation temperature,(s)
see also Table 5,2). The temperature at which the mole fraction 
of condensed boron reaches a maximum (~ 1900 K) does not change 
significantly with reactant composition.
* Table 5.2
Condensation temperature of boron from various H^/BCl^
compositions (33)
V BC13
molar ratio
pure BC1
O 1.5 4 9 20 50 100
condensatio
temperature
1 B does not 
condense 2400 2500 2560 2560 2520 2440
From a thermodynamic viewpoint,the addition of small 
quantities of methane to the mixtures already described has 
little effect on the overall composition of the gas phase above 
the condensation temperature. The thermodynamics of hydro­
carbons has been widely investigated (26, 81, 120, 121, 122) 
and the high temperature products have been shown to consist of 
such species as CgH, ^  and ^3* rela-tiV(e proportions
of these depends on the C/H ratio. Chloro-carbons, in common 
with most hydrocarbons, are thermodynamically unstable with 
respect to the elements above 1000 K, and do not appear in the 
calculations in significant concentrations. For the compositions
investigated, the only gaseous boron-carbon species, B-C is rarely
-4
present in amounts greater than 10 mole fraction.
In the-solid phase, however,-the^formation of carbon and 
boron carbide becomes possible, with profound consequences for 
the composition and condensation -temperature.of the solid -phases' ' 
formed by the system as it cools.
The thermodynamics of the solid phases formed by the B-H-C-Cl 
system have been investigated by Ducarroir and Bernard (103).
The composition of the solid phase has been shown to vary in a 
complex manner with temperature and with the partial pressures 
of boron trichloride and methane in the reactants. Fig. 63 shows 
the composition of the solid phases formed at 2200 K as a function 
of the partial pressures of boron trichloride and methane.
Fig. 64 shows a detail from Fig. 63 at high partial pressures of 
boron trichloride. These calculations help to account for the 
results reported (36, 92) of investigations into the chemical 
vapour deposition of boron carbide. The narrow range of conditions
<^ Fig63. Deposition domains of the solid species at T —  2200'K, 
P rs  1 atm. J jLL  =  composition range of Fitzer and Rohm(i92^  
—-  ^r=gCj>mposition range of Moore and Volk.(36) .
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over which boron carbide is deposited requires the strictest 
control over the experimental variables if the simultaneous 
deposition of boron or carbon is to be avoided. Thus the 
alternating layers of carbon and boron carbide reported by 
Fitzer (92) are more probably due to variations in reaction 
conditions than to the proposed oscillating deposition mechanism.
Fig. 63 indicates that, for a given partial pressure 
of boron trichloride, there is a finite range 
of methane concentrations within which only boron carbide is
deposited. The present work suggests that the (B/C) ratio
P '
varies continuously with (B/C)T},'and therefore there should be
R
only one methane concentration appropriate to each boron 
trichloride concentration for* the deposition of B^C. This could 
' be taken as an indication that, in the present work, thermo­
dynamic equilibrium between the gas phase and solid phase was 
not always established.
Some general comments can be made about the equilibrium 
compositions shown in Figs. 56-62. At temperatures above 5000 K, 
the reactants are almost completely dissociated to monatomic 
gases. As the system cools to 3500 K, these recombine 
to form BC1, HC1 and H with smaller amounts of C0H, 0oH and
Z A A A
BC1 . Condensation takes place from a gas mixture consisting of £
these species together with traces of B-H compounds, eg BH, and
BH . BHC10 is a major component present at temperatures below 2000 K.
Since the vapour pressure of boron carbide cannot exceed 
that of boron, it follows that, in the presence of carbon species, 
boron can never be the first solid phase to condense. Because 
carbon has a much lower vapour pressure than boron, (Fig.l) carbon 
usually condenses as the element and therefore at a significantly
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higher temperature than boron carbide, hence the wide range of 
condensation temperatures (2280-3395 K). Exceptions to this 
rule occur under conditions of low carbon concentration and high 
hydrogen concentration which favour the formation of acetylene 
and so permit significant concentrations of carbon to remain in 
the gas phase.
The indicated decrease in mole fraction of boron-containing 
solid species below 1500-1900 K is unlikely to occur because the 
necessary reactions will be too slow. This assumption is discussed 
further in Chapter 5.5. As shown in Table 5.1, the thermodynamic 
stability of carbon and boron carbide requires that quantitative 
recovery of carbon in the solid products be achieved. Possible 
reasons for the failure to achieve thermodynamic equilibrium in 
this respect are also discussed in Chapter 5. 5.. .
The sensitivity of these calculations to possible errors in
the data was not determined.. .Although ;da_ta_f or jthe more...common:,. .
species is considered to be reliable, there is considerable 
uncertainty in the reported values of the thermodynamic functions 
for some of the species included in the present work. The most
o'
important species to which this applies is BClg* for which A H  ^ ^
is given as -20 + 15 kcal/mole. Although at high temperature the
entropy term TAS dominates the expression for the free energy,
the possibility remains that the calculated equilibrium compositions
are considerably in error where BC1 is found to be a significant£
component. Similarly, the standard heat of formation of BC1 is 
obtained from measurements of the B-Cl bond strength, values for 
which vary widely in the literature. The range of values reported 
is indicated overleaf.
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B-Cl bond strength reference
(kcal mole ) source
96.9 (104)
117.6 (105)
127 (106)
119 (107)
In the present work, the value of 127 kcal mole ^ taken 
from the JANAF Thermochemical Tables (16) was used.
5.2 Spectroscopic Results
5.2.1. Species present in the plasma
Spectra obtained from the hottest region of boron trichloride
plasmas revealed the presence of the dissociation products of BGl^,
viz. B, BC1, BC1 and chlorine (Plate 14). The bands and lines due 
z
to the boron-containing species were clearly identified, -although
emission due to BC1 'was very weak and was masked by a continuum.
z
from 2500-3420 R. It was thought that the continuum was caused ..
by chlorine atoms and molecules, although it did not correspond 
with the details of chlorine spectra reported in the literature.
The strongest emission was the B I doublet at 2496.8 and 2497.7 
and the band system of BC1 at 2650-2840 R, both of which were self- 
reversed.
These observations can be related to the species present at 
thermodynamic equilibrium in the B-Cl System (Fig. 52). The limits 
of detection of emission due to B II at 2432.3 $ approximately 
coincided with the luminous boundary of an argon plasma containing 
traces of boron trichloride. At higher boron trichloride concentrations 
the photochemically-induced emission described in Chapter 4.5.2. 
masked the boundary of the plasma region. The equilibrium
+ “3
concentration of B has been shown to reach 10 mole fraction
at 6000 K. Although the emission intensity cannot be related
solely to the equilibrium concentration of the emitting species,
■f
nevertheless the presence of B can be regarded as defining the 
boundary of the region within which almost complete dissociation 
of the reactants has taken place. This ignores the proportion of 
the reactants which circulate round the plasma as a sheath of 
relatively cool gas. The relatively weak emission from BC1 ' 
compared with that from BC1 and B agrees with the relative 
concentrations of these species at high temperatures, as indicated 
by the thermodynamic calculations.
Upstream from the plasma, the spectrum of the photochemically- 
induced radiation consisted of self-reversed HI and BC1. The 
background continuum from 2500-3420 was replaced by a continuum 
which extended over the whole range to which the plates were 
-sensitive. -This, was thought to be.due to Cl and Cl0, while the
•f “f*
high-teraperature continuum was attributed to Cl and C1Q . At the
A
furthest position upstream investigated, the spectrum showed only
the presence ofBI and BC1.
Downstream from the plasma, the chlorine continuum was replaced
o
by the prominent double-headed band system of BO from 3500-4350 A.
The BC1 bands were prominent, but emission due to B I became rapidly 
weaker as the observation point was moved further downstream.
When hydrogen was added to Ar-BCl^ plasmas, emission from 
the hottest region showed bands at 4145.9, 4319.2 and 4331.6 K. due 
to BH. These bands were also observed in the tail flame of 
Ar-BClg”CH4 plasmas (Plates 15-17).
The tail-flame of Ar-CH^ plasmas showed the spectra of C,
C0, C„ and CH. Again, this agrees with the results of thermodynamic
O
equilibrium calculations. C2H2 gives only a weak spectrum and would 
not have been detected. No emission could be detected at a distance 
of 3 cms downstream from the methane inlet manifold. The most 
persistent feature of the Ar-BCl “CH plasma tail-flame was the BH
. O 4
band system at 4331.6 R. At a distance of 6 cm downstream from the 
methane inlet, the tail-flame showed only this band system together 
with faint emission at 3873 tentatively identified as due to the 
CH molecule.
Hamblyn suggested that the variation of B+ emission with 
boron trichloride pressure (Fig. 51 ) could be partly explained by
the following mechanism:
rapid
(i) BC1.
(ii) BC1
(iii) BC1
plasma
-2
BC1 + 2C1
BC1 + e
+■
B + Cl
dissociation
ionisatiop
equilibration
Application of steady state theory led to the derivation
[b+]= c [bo] h ^
Hamblyn showed that Jb+J 2, expressed as the square of the optical
density of the 2432.3 S. line, was a linear function of the boron
trichloride partial pressure up to JjBClgJ = 0.4 atm. but at
higher pressures little further increase in the optical density
took place. This could be caused either by the response of the
photographic emulsion, or by a shift in the equilibration processes
+
so as to reduce the B concentration. The latter explanation is the 
more likely, particularly as the derivation assumed that the boron 
ion' concentration was equal to the chlorine atom concentration.
The contribution of reaction (i) to the chlorine atom concentration 
was ignored and only the equilibration reaction (iii) considered,
i -°- M  = H -
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The effect of including the chlorine atom contribution from
reaction (i) is greatly to reduce the rate of increase of the
boron ion concentration at higher concentrations of boron
trichloride. This agrees with the experimental observations.
5.2.2. Temperature distribution in the plasma
The radial temperature profile of a 10 KW argon plasma
indicated a peak temperature of 20,000 K. Hamblyn has shown that
this is consistent with a high degree of ionisation for the relatively
snail fraction of gas that passes through the plasma. From the
calculated degree of ionisation of argon, he was able to show that
at an argon flow rate of 50 1/min, approximately 3 1/min would pass
through the plasma, which was consistent with the results obtained
by other workers.
Because only a small fraction of the gas stream passes through
the plasma, the mixed mean temperature is much lower than observed
in the discharge. From enthalpy considerations, Hamblyn (33) has
calculated the overall reactant temperature to be 2500 K. If Newton's
law of cooling is held to apply (see Appendix C), an estimate of the
temperature drop along the tail-flame can be obtained from the persistence
of the B-H band at 4331.6 (Plate 1^). This is presumably related to
the presence of BHC1_ which exists in equilibrium with BC10 and B_HZ 3. Z o
The equilibrium concentration of BHC1 reaches a maximum at 1200 K,
A
so if the gas stream has cooled to this temperature while travelling a 
distance of (26.5 - 16.0) = 10.5 cms (Fig. 49), the value of the cooling 
rate constant k can be calculated.
When the appropriate values are substituted into the expressions 
derived in Appendix C, a value k = 11.1 sec * is obtained. This result 
is to be compared with that obtained by other methods in Section 5.5.
5.3. Powder Studies of Plasma Boron Carbide
5.3.1. Variation of lattice parameters with composition
Electron density maps of single crystals of boron carbide 
of composition B^C cannot be used to determine the identity of 
atoms in the crystal lattice. Because boron and carbon atoms have 
similar electron densities, and because of the possibility that 
they substitute for each, other, their distribution in the lattice 
cannot be unambiguously defined.
The difficulty experienced in analysing such measurements 
is illustrated by the different conclusions reached by different 
workers from the same experimental results. With reference to 
results obtained by Larson and Cromer (60) on a crystal of 
composition B.C, Ploog (6) has said, "... substitution for boron 
jby carbonj in icosahedra giving B ^ C  icosahedra... is rendered 
highly improbable by the results of Larson and Cromer on the 
electron density distribution in the icosahedra". Will and 
Kossobutzki (108), however, have said of the same work;"From an 
abstract of a study on a B 0C crystal by Cromer and Larson, it 
can be concluded that the third carbon atom replaces, in a 
statistical manner, icosahedra! boron atoms in the equator of 
the icosahedron...".
The present work permits some conclusions to be drawn 
concerning the probable sites occupied by carbon atoms in the lattice 
from the variation of the lattice parameters with increasing carbon 
content. The symmetry properties of the lattice are such that changes 
in qell parameters need be considered in two directions only, i.e. the 
c axis parallel to the C-B-C chains and the equivalent a and b axes
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normal to the C-B-C chains.
The variation in the a and c lattice parameters shown in
Fig. 47, can be explained in terms of the planar B C rings
ft Z .
which are a feature of the crystal structure of Bj3C2 (84, 108).
These rings, shown in Fig. 8b, are formed by bonds between
carbon atoms at the terminal positions of the C-B-C chain and 
equatorial boron atoms in the icosahedra. The plane of the 
rings is approximately perpendicular to the C-B-C chain (i.e. 
to the c axis) and each carbon atom contributes to three such 
rings.
Once sufficient carbon atoms are present to promote the 
formation of the boron carbide lattice (approximately 4.5 wt.% C 
equivalent to B^2 C^ ^  or B^2 (CBC)^ the number of rings
increases rapidly as additional carbon enters the lattice. The 
formation of intericosahedral bonds between equatorial boron 
atoms via the relatively short B-C bonds; in the six-membered 
rings causes the lattice to contract in the plane perpendicular 
to the C-B-C chains.
The slight increase in the c axial direction is caused by 
withdrawal of electrons from the bonds between rhombohedral 
boron atoms, which do not take part in ^4^2 ^orma't:i-on*
The greater electronegativity of carbon and the possibility 
of delocalisation of the electrons in the graphite-type ring 
serve to weaken the rhombohedral B-B bond with the observed 
increase in bond length.
When the carbon content reaches 14.6 wt% (B^Cg), all 
the C-B-C chains have been formed. A further increase in carbon 
content causes the lattice to contract in both directions.
This can be explained if substitution of carbon for boron 
throughout the icosahedron is assumed. Substitution for 
equatorial boron atoms will lead to the formation of C~C 
bonds in the planar rings, while substitution for rhombohedral 
boron atoms will lead to the formation of B-C bonds along the 
rhombohedral axes. In each case the smaller size of the carbon 
atom will cause the lattice to contract. If, as suggested by 
Will (108), preferential substitution takes place in the 
equatorial positions, the a parameter .should continue to 
contract and the c parameter to expand as the carbon content 
increases from 14 wt.% to 21 wt.%.
The somewhat scattered results shown in Fig. 47 at low 
carbon contents can be improved by plotting the a parameter 
against the c parameter for each sample, as shown in Fig. 65.
The interdependance of the variations in the -lattice parameters 
is clearly shown and the expansion of the c axis made more 
obvious.
Lattice changes measured in this work are quite small
and subject to considerable experimental error.yS -rhombohedral
boron in samples of low carbon content gave rise to an XRD peak 
o
at 36.0 20. The presence of this peak might have displaced
the apparent positions of the (021) and (104) diffraction angle
to lower and higher values respectively. The positions of the
broad peaks given by the thin layer specimens could be measured 
o
to + 0.02 20. The equivalent errors in the calculated values
of a and c are + 0.003 $ and 0.007 R respectively., Nevertheless, 
the large number of experimental points allows the trends 
observed to be treated with confidence.
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Fig. 65. Boron carbide a lattice parameter vs. c lattice parameter
The limiting value of the a and c lattice parameters 
obtained during this work shown in Fig. 47, were a = 5.604 +
0.003 A and c = 12.085 + 0.007 These are in good agreement 
with the values obtained by Larson and Cromer for B^C (60)/ 
viz. a = 5.605 X and c = 12.084
It may therefore be concluded that in carbon-deficient 
boron carbide (< 14.6 wt.%c), carbon preferentially occupies 
the terminal positions of the linear triatomic chain. This 
situation persists up to 14.6 wt.% carbon, equivalent to B (CBC). 
Further carbon may be incorporated by random substitution for 
boron atoms in the icosahedron up to a maximum corresponding to 
the formation of the composition (B^C) (CBC) with 21.7 wt.% c.
5.3.2. Variation in particle size
The size of particles obtained by crystallization or growth 
from the vapour phase is-determined by the relative rates of 
particle growth versus nucleation, i-;e; the formation of few large 
particles or many small ones. The amount of solid phase present 
at thermodynamic equilibrium and the time available for reaction 
must also be taken into account.
The decrease in particle size with increasing carbon content 
(Plates 11, 12 and 13) indicates the contribution made by the 
carbon-containing species to nucleation. The amount of reaction 
generally increased with increasing methane concentration, so the 
smaller particle size cannot be the result of less reaction taking 
place. The increase in the amount of reaction with Carbon content 
suggests that the formation of nuclei is an important factor in the 
reaction mechanism.
The decrease in particle size with increasing reactant flow 
rate suggests that the rate of particle growth is slow by comparison 
with the nucleation step. Although the amount of reaction decreased 
as the flow rate increased, the variation in particle size shown 
in Plates 8, 9 and 10 cannot be accounted for on the basis of this 
factor alone.
The factors governing the rate of nucleation are poorly under­
stood. From thermodynamic considerations, expressions have been 
derived for the nucleation rate in terms of the degree of super­
saturation (114). These are usually of the Arrhenius form
e.g. N = A exp
3 216 n er m
__3m3n 2 -2
3R T ^ (In S)
- 1 - 3
in which N = nucleation rate (sec cm )
-2
CT = surface energy of solid (ergs cm )
M = molecular weight
-3
^ = solid density (gm cm )
S = degree of supersaturation 
and the other terms have their usual meanings.
The degree of supersaturation in this expression is defined by
in which C = solution concentration
C*= equilibrium saturation concentration.
This term generally dominates the expression for the nucleation rate.
An example is given of the time required for the spontaneous nucleation 
of supercooled water vapour,
supersaturation 1.0 2.0 3.0 4.0 5.0
^  62 3 -1 -13
time 00 10 yr 10 yr 10 sec 10 sec
The dominant effect of supersaturation is clearly seen. Data for 
the pre-exponential terra are lacking, however, so this expression 
cannot be used to calculate nucleation rates in the present work.
Possible growth processes in the plasma
From the observed variation in particle size with reaction 
conditions, some general conclusions concerning possible growth 
processes in the plasma can be drawn.
(1) Carbon species are a much more efficient source of 
nuclei than boron species, hence the decrease in particle 
size with increasing carbon content. The indicated ten­
fold reduction in particle diameter between Plates 11 and - 
13 (with 7.8 and 21.3 wt.% c respectively) represents a 
one thousand-fold decrease in particle mass and a 
corresponding increase in the number of particles
(and hence nuclei) produced.
(2) The increase in particle size with residence time 
indicates that the nucleation step is fast compared with 
the rate of particle growth. The alternative, that 
particle growth is comparable with or faster than 
nucleation, would result in a particle size that was 
independent of flow rate.
(3) These conclusions are consistent with the observed 
increase in (B/C)p with residence time described in 
Chapter 4.2.1. and shown in Fig. 22. A rapid nucleation 
step involving the formation of a carbon-rich species
is followed by a slower step in which boron species 
react with the carbon-rich nucleus. The final size and 
composition of the particle are determined by a combination
of thermodynamic equilibrium considerations and the 
time available for particle growth. This figure 
also shows that, once particle growth has been 
initiated, boron species react with the nucleus faster 
• than carbon species.
• (4) The nucleation step must be, to some extent,
controlled by reaction between boron and carbon- 
containing species'. This is shown by the variation 
of the lattice parameters with carbon content. If 
carbon nuclei were formed at random, the resulting 
boron carbide particles would have a wide range of 
lattice parameters and the clear trend observed in 
the bulk material would not have been observed.
5.4. Boron Particle Growth by Condensation of Boron Vapour
5.4.1. Particle growth from highly supersaturated vapour 
.Hamblyn has calculated the rate of growth of boron particles 
in the plasma from theories developed by Brenner (115) and Parker 
(116) for the growth of metals from the vapour. He considered that 
one process by which boron particles were formed took place in two 
stages. Boron trichloride was first reduced by hydrogen to form 
boron vapour and this subsequently, condensed to form the solid phase 
These theories consider particle growth in terms of the degree 
of vapour supersaturation and the nucleation rate. Vapour super­
saturation determines the concentration gradient in the vicinity 
of the deposition surface. This in turn governs the rate of mass 
transport and surface diffusion of atoms to the growth sites.
The nucleation rate defines the rate at which new growth sites 
appear.
The formation of either crystals or amorphous particles can 
be explained in terms of the interdependance of vapour super­
saturation, nucleation rate and surface diffusion. Under conditions 
of high vapour supersaturation, the nucleation rate is greater than 
the surface diffusion rate. New growth sites therefore appear over
t
the whole deposition surface and random-shaped particles result.
Under conditions of low vapour supersaturation, the surface diffusion 
rate exceeds the nucleation rate. Atoms diffuse rapidly to the 
growth sites leading to anisotropic growth. This may take the form 
of whiskers or fibres, the formation of which was a common feature 
of the early, horizontally-mounted plasma torches, used by Hamblyn (33).
Expressions have been derived to calculate the rate of 
growth of particles under conditions of high and low.vapour super- 
saturation. The degree of vapour supersaturation, O' is defined by 
the equation
P - P
O' = eq  (5)
P
eq
in which P = partial pressure of vapour,
P = equilibrium vapour pressure of solid at temperature T. 
eq
From data for a typical run, shown below, the degree of 
supersaturation in the plasma was calculated.
Reactant composition 
(g.mole/1)
Product composition* 
(g.mole/1)
Ar 0.0018 ' 0.0018
BC13
0.0040 0.0030
0.0080 0.0065
HC1 - 0.0030
B - ■ 0.0010
= 0.0153
* assumes 25% conversion of boron trichloride 
to boron
The partial vapour pressure of boron in the products is given by
P VB = (g) = 0.0010 = 0 . 0 6 5  atm. = 50 mm Hg
' P , 0.0153total
The equilibrium vapour pressure of boron at 2500 K was taken as 
-3
10 mm Hg, and by substitution in equation (5)
_ 50-0.001 _ _ 4
rTL = — -  -- - - = 5 x 10
B 0.001--------------
This value corresponds to a high degree of vapour supersaturation.
For such conditions, the rate of particle growth was calculated
using the equation derived by Piper and Polich (117).
A
= O' P ( M V cm/sec
dt £ eq RTJ
in which h = linear growth parameter (cm)
-3
P = density of solid (gm.cm )
M = molecular weight
R = gas constant (ergs.deg * mole -)
T = vapour temperature (K)
Other terms have their meanings as in equation (5).
It should be noted that, although this equation: involves a
vapour supersaturation term, from equation (5),
CT P = P - P eq eq
and by substitution in equation (6)
dh = P - P f M : \ ^
dt ^ eq \2 A  RTj
Under the conditions of high supersaturation for which equation (6)
is held to apply, by definition P will be very much greater than
P . This equation therefore reduces to 
eq
dh = P A m - \ ^ 
dt ^ \2 /V RTy
i.e. the supersaturation term disappears and the rate of particle
growth becomes proportional to the vapour pressure.
- IttD ~
Hamblyn calculated particle growth rates at 2500 K by
substitution of the following values into equation (6),
.4
orB = 5 x 10
“4 -2
P = 1 0  x 13.6 x 980 g cm 
eq
M = 10.81
R
7 -1 -1
= 8.315 x 10 ergs deg mole
^ = 2.37 gm. cm
-3
whence
= 2500 K
-4dh = 5 x 10 x 10 x 13.6 x 980
dt 2.37
10.8,
27V x 8.315 x 10 x 2.5 x 10
-2
= 8.085 x 10 cm/sec
Thus the calculated growth times for particles of diameter
o -4 ~4
1000-6000 A lie in the range 1.24 x 10 to 7.42 x 10 secs.
Derivation of time for particle growth from collision theory 
The time taken for a particle to grow can also be calculated 
from first principles from the collision theory of gases. Consider 
a particle A being collided with by boron atoms B. The number of 
collisions between A and B particles in unit time in a mixture of 
the two is given by the kinetic theory of gases as
2
ZAB = * "A "B (dA + dB) 8AR T  (M. + M ) A  B
A B
in which
n , n^ = number of particles of A and B per unit volume
d., d_ = collision diameters of A and B 
A B
M., M = molecular weights of A and B 
A B
The number of collisions with atoms of B undergone in unit time by 
a single particle of A is therefore given by
ZA = inB (dA + dBy 8/TRT (M. + M_) A B
M a M 
A B
i
cm/sec
so the average interval between collisions is
t 1 '-i i
i
If A is an amorphous boron conglomerate it will be continually 
growing and if the vapour pressure of boron at the condensation 
temperature is low compared with the gas phase pressure (i.e. high 
supersaturation), then every particle striking A will stick.
(Note that this is in fact a dynamic phenomenon. Under conditions 
of high supersaturation the rate of evaporation from the substrate 
surface will be low while the condensation rate will be high.
The ratio of condensation rate to evaporation rate will approximate 
to unit probability that a condensed atom will not re-evaporate).
If A starts as a single boron atom, then the time taken for 
a single collision to give B will be
a
To a first approximation, the collision diameter of the growing boron 
particle will increase as the cube root of the number of atoms,
t
i.e. d,
B Bn
Thus the interval to the second collision to give B^ will be
In the general case
If n is large (and it will rapidly become so)
(n + 1) M
B
-12
nMB
"2" B
so t
n
4 V b (1
V* N 2 r 87\ RT 
+ n '*) — -- -
L B
The total time, T , for n collisions (i.e. to give B .) will be 
n n + 1
the sum of terms like this.
n n 4
1 = 1 V b 2 (1 + n&)2
8 A RT
zr~i
M.
B
nBdB2 W1 ] i[_8M RTj ^ n»»)'
If n is large, this summation can be evaluated by means of an 
integral
)  JlTUi)2 “  ] > =  { 3 n T  =  C 3 
1 1 1
'hHence T 12
n
 n '» f Mfl 1
2 STT RT n d^ u -*
B B
The number of atoms, n, in a typical boron particle of 4000 R
diameter is given by
—  ^3 /i d p  N
n = -B--
6M.B
 (8)
 (9)
23 -1
in which N = Avogadro's number (6.023 x 10 mole ) and 
the other symbols have their usual meanings.
“5 3 23 • -i-
m  (4 x 10 ) x 2.37 x 6.023 x 10 x M
Thus n =  ------------- ----— — ----------------
6 x 10.81
9
= 4.425 x 10 atoms
The boron atom density in the gas phase, n , can be obtained
B
from Hamblyn's data on p 183 .
If rig = 0.065 atm. at 2500 K
23 .
= 6.023 x 10 X  273 x 0.065 
22400 2500
17 -3
= 1.919 x 10 atom cm .
The collision diameter of the boron atom was estimated in three
different ways. Extrapolation of published values of the
—8 -8 
van der Waal's radii (107) of F^  = 1.35 x 10 cm, 0^ = 1.4 x 10 cm
_g — g
and N. = 1.50 x 10 cm suggests a value for boron of d =1. 7  x 10 
2 B
Alternatively, d can be obtained by considering the close packing 
of boron atoms in the solid phase (102) .which is appropriate for 
estimating the size of boron atoms in the solid. Close-packed spheres
occupy 74% of the available space,from which,by analogy with equation
<9 ) , -rr' j  3
B = 0.74 Mb
B
from which d = (P •7-4 0 •81— ^   ------ ) = 2.20 x 10 8cm
B yTx 6.023 x 10 x 2.37 /
For raonatomic gases, this calculation yields results that are,
on average, 28% greater than the van der Waal's diameter,
- io» -
i.e. d = 2.20 x IQ
1.28
-8
= 1.72 x 10 8cm
These results agree well with the published value for the covalent
—8
diameter of boron (107), 1.72 x 10 cm. This value was used in
all calculations.
By substitution of these values into equation (8), a value
for T can be obtained, n
12.(4.425 x 10 )
f/3
1.919 x 1017 (1.72 x 10~8)2
10.81
8/1 x 8.315 x 10 x 2500
-4
= 4.99 x 10 secs.
This is in excellent agreement with the result obtained from the 
method described by Hamblynj,
4.x 1C-5
Viz- *4000 =
Mechanism of direct condensation from the vapour phase 
Consider the species present at equilibrium in a mixture of 
boron trichloride and hydrogen (ignoring argon). At 5000 K, 
almost all the reactants are present as atoms, i.e. B. . Cl and
Vb/|
H. As the temperature falls to 4000K, equilibria are established
to give HC1, BC1 and H via simple recombination reactions,
e.g. H + H -J-.M —— * H* + M  ♦ H + h>)
Z a
H + Cl + M -- - HC1* + M — HC1 + h-v
B, . + Cl •+ M----* BC1* + M----• BC1 + hv
(g)
B, . + II + M — * BH* + M ---► BH + hV
(g)
The presence of B, BC1, BH and H was detected spectro- 
scopically. The Cl^ + ion, also detected spectroscopically, was 
not included in the thermodynamic equilibrium calculations because of 
lack of the relevant data.
As the gas mixture cools to 3000 K, the concentration of 
the molecular species continues to increase at the expense of the 
atomic species. The amount of boron present as 'B^'  ^ decreases to 
less than 2 mole % of the boron species present. Further re­
combination takes place to form BC1 presumably by the reaction 
BC1 + Cl (+ M) — 9 BC1* (+ M) — *-BCl2 + h>)
BC10 was also detected spectroscopically. As the temperature falls
to the condensation temperature of boron, loss of BC1 by this
reaction is apparent in the equilibrium composition.
Below the condensation temperature (~ 2400 K) the mole
fraction of solid boron rises rapidly, a drop of 50°K being sufficient
to increase the mole fraction of B. N to 50% of its maximum value.
(g)
The rapid increase in the amount of solid boron for a relatively
small drop in temperature lends some support to the theory that a
highly supersaturated vapour could be formed. The increase in the
amount of solid boron present takes place at the expense of BC1
and BC1_. It is tempting, therefore, to try to write equations
which give B, . directly from these species,
>0'
e.g. (i) 2BC1 — ► 2B, . + Cl AH = -67.6 Kcal/moles) 2 ,
(ii) 2BC1 — * B . + BC1 AH = -87.6 Kcal/mole
\ S / 2 ,
(iii) 2BC1— >• 2B- + 2C1, AH = - 7.8 Kcal/mole
\ s)
(iv) BC1 + BC1 — ► B + BC1 AH = -110.1 Kcal/mole
2 - (s ) Of
(v) BC1 + H----  B, . + HC1, AH = -108.0 Kcal/mole
(s)
However, the interactions between the species in the system 
can be represented by a series of interlocking dynamic equiilibria 
of which one set is
B. x + 3C1 ^  B/ N + 3C1 5=5 BC1 + 201^=5 BC10 + Cl =* BC10 
(s) (g) 2 3
If Cl is large (as it is in the absence of hydrogen) the equilibria
lie over to the right and no boron is formed. When hydrogen is added,
the chlorine atoms are removed from the system very efficiently as
HC1 and the equilibria move to the left. At 2400 K, the dominant
boron-containing species is BC1-and,as shown in Section 5.1, only
traces of boron are present as boron vapour. Therefore if particle
growth is to take place from-highly supersaturated, boron vapour,
thermodynamic equilibrium cannot be attained.
This conclusion can be tested by calculating the life-times
of free radicals in the system and the quench rates necessary to 
prevent the equilibria in equation (10.) from being attained.
Recombination of free radicals
The problem related to the growth of particles is the time 
taken for free radicals to disappear from the. system. The assumption 
equivalent to high supersaturation is that the equilibrium is 
overwhelmingly on the side of the molecules rather than the atoms.
 (10)
For the reaction
H + H + M — £-*• H 2 + M ,
-32 6 -2 -1
the rate constant k = 2 x 10 cm molecule sec
(99, 100)
This rate constant is insensitive to temperature change and the 
value given here.is a high estimate. The rate of recombination 
depends on the third body M, and data for the species present in 
the plasma are not available. Suppose that all species present
will participate in the reaction, i.e. = 1 atm at 2500 K.
23
_  .. 6.023 x 10 x 273 „ _  ,~18 , , . -3Therefore M = ------------------------ = 2.936 x 10 molecules cm22400 2500
r i -14 3 “1 -1
and k[MJ= 5.872 x 10 cm molecule sec
For the termolecular. reaction above, the half life of H atoms in
the system is ^  = x where ThT  is the
initial hydrogen atom concentration. - In the plasma at 2500 K,
r i 16 -3
[HJ o has the value of approximately 0.01 atm = 2.936 x 10 molecules cm .
Thus t, = ------- 1
5.872 x 10”14 x 2.936 x 1016 
-4
= 5.80 x 10 secs.
Complex radicals combine bimolecularly rather than termolecularly.
The recombination rates are similar for all such radicals and
9 8 -1
k* = 10 * litre mole sec (101). In such reactions, the half-life
of the combining species is__________________1_______
^ k' (initial conc.)
If the initial concentration is again taken as 0.01 atm,
16 -3
initial conc. = 2.936 x 10 molecules cm
16 3 ** 1
= 2.936 x 10 x 10 = 4.875 x 10 moles lit
23
6.023 x 10
therefore t4 -5 9.8
5 4.875 x 10 x 10
-6
= 3.251 x 10 secs.
It can be seen, therefore, that.the reactions involved in 
the equilibria in equation (10) are fast compared with the 
growth of boron particles in the system.
Temperature profile and quench rate in the plasma tail-flame
» •
The time required for the formation of boron particles was 
calculated on the assumption that particle growth took place under
isothermal conditions. Since the quench rate in plasma tail-flames
3 7 , •
is typically 10 - 10 K/sec this assumption is not justified.
A more realistic approach is to suppose that the particles continue
to grow as the reactants cool, with growth limited by kinetic or
thermodynamic factors. -
In Section 5.1 it was shown that the mole fraction of boron
and boron carbide reached a maximum at a temperature of approximately
1900 K. As the reactants cool below this temperature (T ), the^ max
amount of boron present in the solid phase decreases in favour of
gaseous species. In Section 5.5, evidence will be presented which .
suggests that such reactions are too slow to account for any
significant decrease in the amount of solid phase. The system can
therefore be regarded as ’freezing’ at T^^y and the temperature
interval within which particle growth takes place is given by
AT = T .. - Tcondensation max -
It is readily determined by inspection that both the equations
used to calculate particle growth times show T^ to be proportional
to T^. In equation (7), the reduced form of equation (6) used by
Hamblyn, the particle growth rate is proportional to T so the
1
time for growth is proportional to T2. (Note that in this equation,
P is constant). In equation (8), the boron atom density, n , is 
proportional to T \  so the overall dependence of T^ is given by
At T , the lowest temperature at which growth is assumed 
max
to take place, the growth of a 4000 R diameter particle will take
j x 4.99 x 10 ^ = 4.35 x 10 ^ secs.2500 J ------ ----------
Thus over the range within which particle growth is assumed to
take place, the growth rate is largely independant of temperature.
If a temperature interval for particle growth is assumed,
then the time for particle growth can be used to calculate the
quench rate in the plasma tail-flame. The results given in
Chapter 5.1 indicate a typicaT temperature range to be 2400 - 1900 K
o
Thus if the gas stream cools by 500 K during the time taken by a
particle to grow, the quench rate is 500 _ 6 ”1
4.99 x 10 “ — — ■ S-— —
The temperature gradient in the tail-flame may similarly be
obtained by considering the distance travelled by the particle as
it grows. A typical gas flow rate through the system is 100 1/min
at N.T.P. If the internal diameter of the torch is 5 cm, then the
linear gas velecity is 10* x 103 o~l a
60/i x (2.5)
At a mean gas temperature of 2150 K, the gas velocity becomes
84.9 x 2150 ' -1
— = 668.6 cm sec .
So in the time taken by a particle to grow, it will travel
— 4
4.99 x 10 x 668.6 = 0.33 cm.
The temperature gradient in this region is therefore 500 = .^500 deS
0.33
When allowance is made for both volume contraction and increased 
particle growth rate as the gas cools, the calculated value of the
temperature gradient increases to 1600 deg. cm \
- 195 -
A more accurate profile of the temperature drop along the 
axis of the tail-flame can be obtained if Newton's law of cooling 
is held to apply. If the gas cools to 300 K, the temperature T at 
time t is given by
"let
(T - 300) = (T - 300) e  (11)
o
where k is the cooling rate constant and Tq is the initial temperature.
As in Section 5.2, if .T ■ is assumed to be 2500K and particle growth 
is assumed to take place as the gas stream cools from 2500 K to 1900 K,’ 
the temperature profile tabulated below can be calculated. (For the 
full derivation of the. necessary- expressions, see Appendix C).
T (K) 2500 2300 2100 1900 1700 1500 1000 500
X (cms) 0 0.11 0.22 0.34 0.46 0.58 0.90 1.32
It follows from this that the gas stream should rapidly-cool below 
the temperature at which the reaction proceeds at a measurable rate.- • 
This conclusion was tested by comparison with the results 
obtained during a series of experiments carried out by Hamblyn (33) 
in which the inlet manifold was moved downstream and the amount of 
reaction measured at each position. From the above calculations it 
would be expected that the amount of reaction should decrease rapidly 
with increasing distance from the plasma and reach zero a few 
centimeters downstream. Experimentally, it was determined that a 
measurable amount of reaction took place even when the manifold was 
40 cms downstream from the plasma. Fig. 66 shows the effect of 
adding a BC1Q-H mixture (H0/BC1 molar ratio = 5) to the tail flameO ^ A O
of an argon plasma (flow rate 50 1/min, plasma power 20 KW). Fig. 67 
shows the results obtained when hydrogen was added to the tail-flame 
of an Ar-BClg plasma.
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Comparison between the experimental results and the predicted 
gas temperatures leads to the conclusion that the quench rates 
calculated by this method are too high. This conclusion is not 
altered if the initial assumptions are only approximately true.
For example/ if Newton’s law of cooling does not strictly apply and 
if the estimate of the mean plasma gas temperature at x = o cms is 
in error by a factor of 2, it is still not possible to explain the 
relatively large amounts of reaction observed downstream in the 
plasma tail-flame. It follows, therefore, that the calculated time 
for particle growth must be too short.
However the calculated time for particle growth has already 
been shown to be longer than required for thermodynamic equilibrium 
to be attained. It may thus be concluded that nucleation and 
recombination are fast compared with quenching and that, insofar as 
these processes are concerned, equilibrium will be established 
rapidly at temperatures above 1900 K. If boron particles are formed 
by direct condensation from boron vapour, they must grow from thermo­
dynamic equilibrium compositions. These contain only the saturated 
vapour pressure of boron at the condensation temperature.
5.4.2. Particle growth from equilibrium mixtures
It is apparent that the theory of direct condensation from 
highly supersaturated vapour cannot satisfactorily account for the 
growth of boron particles from the plasma. The possibility remains\ 
however, that particle growth may take place by direct condensation 
from boron vapour in equilibrium with the other species present at
the condensation temperature. Thus as the system cools below the 
condensation temperature and settles out, the equilibria in
equation (10) will move to the left to replenish the 
concentration. This process will continue until the system freezes 
due to kinetic or thermodynamic causes (e.g. the reaction becomes 
too slow at the lower temperature or all the boron condenses out).
This theory requires boron to condense out from a mixture 
containing boron vapour at its saturated vapour pressure. Particle 
growth times can again be calculated from equation (8) using the
appropriate value for the boron vapour concentration, n ...
B
At 2500 K, the saturated vapour pressure of boron (25) is
-4 14 -3
10 atm, whence n = 2.94 x 10 atoms cm . If quenching is
B
assumed to be slow compared with nucleation, i.e. n remains 
constant and the condensation coefficient ('sticking factor') is 
assumed to be unity, so that re-evaporation can be ignored, then 
from equation (8) .
T
n=
12 (4.425 x 109)
2.94 x 1014 (1.72 x 10"8)2
10.81
8TT x 8.315 x 107 x 2500
= 0.326 secs
Under these conditions, the distance travelled by the particle as
it grows (i.e. during which it remains at 2500 K) is therefore
84.9 x 2500 . ^ _ —— -----  x 0.326 = 253.7 cms
273
As this dimension is longer than the path travelled by the products 
in the apparatus, during which they cooled to room temperature, it 
follows that growth times thus calculated are much longer than 
realized in practice. The situation is made worse when the 
condensation coefficient is taken into account.
Condensation coefficient,Otn' ; . ^
The condensation coefficient is a measure of the probability
that an atom, once adsorbed, will not re-evaporate. At high levels
of supersaturation the assumption that this will have the value of
unity is well justified, but at low levels of supersaturation the
possibility of re-evaporation must be considered.
From the definition of the degree of supersaturation in
equation (5) it follows that at zero supersaturation, nett
condensation will not take place, since by definition the system
will be at equilibrium and the boron vapour pressure in the system
will be the saturated vapour pressure. In order for particles to
grow from the equilibrium mixture, the system must be allowed to
cool slightly to create a low level of supersaturation, thus
precipitating boron nuclei. B ^ ^  will be replenished in the system
by reactions such as : .
(i) BC1 ---► B, . + Cl AH = 128.9 Kcal/mole
(g)
(il) BC1 + H — » B, x + HC1 AH = 24.8 Kcal/mole
is)
Reaction (i) seems unlikely from energetic considerations.
The condensation coefficient is a dynamic concept, andot
B
can be defined by an expression analogous to equation (5)
0CB = PB Peq 
PB
where the terms have their meanings as for equation (5).
Expressing this in terms of the boron atom density,
n - n
& B =  eo[
nB
where n = boron atom density in the saturated vapour at the 
temperature of the reactants. Thus equation (8) can be modified 
to include the condensation coefficient.
i.e. Tn 12n^
(n -n ) d
B eq B
M.
B
8T RT
Consider two extreme oases.
IL) Rapid quench rate n„ n and also 
B eq
n^ = n^ at the condensation temperature, i.e. the temperature falls 
rapidly below the condensation temperature leaving the saturated 
vapour pressure of boron at the condensation temperature in the 
gas phase. This is the case already considered (i.e. for whichI
T =0.326 secs), 
n
2) Slow quench rate Quasi-equilibrium is maintained 
throughout (i.e. with only sufficient supersaturation to cause 
nucleation) and the vapour pressure of boron in the system is the 
saturated vapour pressure at the reactant temperature. The 
condensation coefficient will be less than unity, but the rate 
limiting process will still be the collision frequency and there­
fore proportional to n
i.e. T
12n
eq
*
n n d 
eq B
M
B
8/J RT
—L/RT
but n = Ae , and as this decreases with temperature, the time 
eq
interval between collisions calculated from kinetic theory become
t1 ------------- ------------t—  -----
A exp | /RTj d (1 + 1 ) \8l\ RT— | 2
^ ^B
If the rate of cooling is C deg. sec *, then
*2 = 3i"r~-> i
A exp j -L/R (Tcond-Ctl)J d /  (1 + 2*) . jeTT
and in the general case
n =
A e x p { “L/R (Tcond-C £
n-1 )
-c I  V
m b
-n-
T -C cond
As the exp / -L/R (T ,cond
times t will rise, n
term falls, the* individual
A convenient method for evaluating this summation is obtained 
by rearranging equation (8),
T n_d„ n B B
12
87T RT
M
B
 (12)
Now consider the 0.326 secs required for particle formation under
the conditions suggested and suppose that during that period the
-1
temperature dropped from 2500 to 1900 K, i.e.^ 2000 deg sec 
By considering the time for growth in a convenient number of steps 
of equal duration, the average particle growth during-each interval 
can be calculated, thus in 0.3 secs (approximately),the temperature 
will drop by 100° per 0.05 secs. Assume particle growth at 2450 K 
for 0.05 sec, 2350 K for 0.05 sec, etc. Details of this calculation 
are set out in the table below.
time
(secs)
temp.
(K)
average n_^ 
(atoms.cm )
addition to 
n^  in period
addition-to 
n (atoms)
cumulative 
n (atoms)
diameter
(X)
0.05 2450 1.86 x 1014 157.79 3.93 x 106 3.93 x 106 384
0.10 2350 6.87 x 1013 57.08 1.86 x 105 4.11 x 106 390
0.15 2250 2.12 x 1013 17.23 5.12 x 103 4.12 x^lO6 391
0.20 2150 5.80 x 1012 4.61 98 4.12 x 106 391
0.25 2050 1.32 x 1012
0.30 1950 2.71 x 1011
It can be seen that, because the vapour pressure of boron 
is so low, not only is the maximum rate of particle growth very 
slow (i.e. at 2450 K), but also that once the gas stream has 
cooled below 2200 K, particle growth effectively stops. This 
implies that solid boron will not be obtained in significant 
amounts from reactant compositions for which the boron condensation 
temperature is below 2300 K. Experimentally, however,particle 
growth does occur (see Table 5.1 and Fig. 55) and in this example 
the measured conversion (36.3%) is very close to the calculated 
maximum equilibrium conversion (35.6%). The final diameter of the 
particle whose growth is given in the table is 391 This is 
equivalent to a conversion to boron of 0.1%.
Hildenbrand and Hall (119) have studied the decomposition
pressure of boron over boron carbide in the range 2350-2615 K by
the torsion-effusion method. They obtained a value for the
condensation coefficient of 0.066. This is similar to the value
0( =0.1 obtained by Hamblyn from estimates of the surface energy
B
of boron. The table below shows the effect of including the 
condensation coefficient on the time required for particle growth 
under isothermal conditions.
Temperature CXB = 1 = 0.066
(K)
2500 0.3 secs 4.9 secs
2200 7.5 113
1900 912 13,823
The case where T = 2500 K andCX = 1 is that given earlier and
B
represents the maximum attainable rate of particle growth from 
equilibrium compositions. Thus even with the unrealistic 
assumption of isothermal conditions, particle growth will be 
too slow to account for the observed formation of boron 
particles. The rapid decrease in particle growth rate with 
decreasing temperature also illustrates the effective cessation 
of particle growth under non-isothermal conditions.
Summary
The growth of boron particles in the plasma tail-flame 
cannot be satisfactorily explained in terms of the direct 
condensation of boron vapour.
At the temperature at which boron condenses from the 
reaction mixture, the equilibrium vapour pressure of boron is 
very low (Fig. 1 ). Even under isothermal conditions and assuming 
a condensation coefficient of unity, the calculated particle 
growth rate is too slow for the observed boron particles to form. 
Under real conditions, the particle growth rate is shown to be 
much slower and, if the gas stream cools below 2200 K, will 
effectively not take place at all.
For boron to condense from a reaction mixture containing 
a significant proportion of boron vapour, the mixture must be 
prevented from attaining thermodynamic equilibrium (i.e. by rapid 
quenching). Application of the collision theory of gases to 
particle growth shows that growth rates will be slow compared with 
the equilibration reactions, so boron will react more rapidly to 
form the thermodynamically stable molecule BC1. Thus the 
conditions for particle growth from relatively high concentrations 
of boron vapour cannot be achieved without rapid quenching.
The quench rates necessary to prevent the attainment of 
equilibrium, however, would not allow sufficient time for 
particle growth and there is experimental evidence that actual 
quench rates are much less than required.
Despite its failure to account for particle*growth, it 
is still necessary to invoke this mechanism to explain the 
nucleation of boron from the gas phase. Particle growth must 
begin with the condensation of boron from boron vapour because 
it is not possible for a gas phase reaction to yield a lump 
of solid boron. Once stable boron nuclei have formed by 
condensation from the equilibrium mixture,.particle growth 
must take place by an alternative mechanism. As the formation 
of boron and boron carbide by chemical vapour deposition are 
well-established, it is proposed that, following nucleation, 
particle growth takes place by C.V.D. at the nucleus surface.
5.4.3. Rate of mass transport to growth sites ............
In the absence of suitable precautions, the rate of C.V.D.
in conventional reactors is limited by the rate of mass transport
to the reaction surface and not by chemical kinetics. It can be 
shown that, in the plasma, the abundance of growth sites ensures 
that this limitation does not apply. To permit comparison with 
the earlier calculation in Section 5.4, the time required for 
boron particles to grow by diffusion of boron vapour will be 
calculated. It is first necessary to determine the number and 
density of nuclei formed in the gas phase.
Density of nuclei in the tail-flame
The number of nuclei formed per unit volume of reactants 
can be obtained from the total volume of reactants, the mass of 
boron formed and the mean particle diameter. Since each particle
represents the formation of one nucleus (ignoring particle
agglomeration), this also represents the number of nuclei.
If the total volume of reactants at N.T.P. is V,, thent
V = V + V + V 
■ t  A B H
where = volume of argon (lit.)
V = volume of boron trichloride (lit.)
B
VTI = volume of hydrogen (lit.)
H
The number of boron particles produced by this volume of reactants
is given by total mass of boron
mass of one particle
vb 7 b * 10-81 , 3 '
 ^ “ 22.414 x 117.3 47rrB p B
in which 77- = conversion of boron trichloride to boron
7 b
r^ = radius of boron particle 
The number of boron particles per unit volume of reactants, N , 
is therefore
, _ number of boron particles
B ~ total volume of reactants
NB = VB V B X 10,81  3    273  (13)
22.414 x 117.3 X 47rrB3 p B X TVt
Where T is the temperature at which the nuclei form (i.e. the
condensation temperature). Using the same values as in section
5.4.1, i.e. V0 = 20 lit.
13
Vt = 90 lit.
7 b = °-25
T = 2500 K
-5
= 2 x 10 cm
-3
= 2.37 g cm
f B
N = 20 x 0.25 x 10.81 x 3 x 273 c ov
B ~ ----22.414 x 117.3 x 47T x (2 x 10 ) 2.37 x 2500 x 90 x 10
5 -3
3.141 x 10 cm
If the nuclei are assumed to be uniformly distributed, the size
of the domain surrounding each nucleus can be calculated. For
convenience, assume each domain to be a sphere, radius r^ given
by 4 - 3  1 ,—  n r  = 5
3 d  3.141 x 10
-3
r, = 9.13 x 10 cm
d ---- -—  ----:— ;--
It is apparent from equation (13) that
r , = k, r„
d 1 B
, 22.414 x 117.3 x P x V. x T
where k. == ■ *B .t
1 Vfi x 10.81 x rj B x 273
1 Is. = 456.3
Particle growth may be considered to take place by atoms diffusing
from within the domain to the surface of the nucleus.
Rate of diffusion towards the nucleus
The rate of diffusion in gases is given by Fick'^ Law (126),
dC
J. = D ~r~ dx
-2 “1
where J = mass transport per unit area per second (g.cm . sec ).
2 ~i
D = diffusion coefficient (cm .sec )
-3 - i
dC = concentration gradient (g.cm . cm ) 
dx
In the case of diffusion towards the centre of a sphere,
dC   2
J = AD —  where A = 4 n r 
dr
—  2 .
therefore J = 4/1 D r dC
dr
. . T 47T D (c  - c . )integrating J =  2 1
If the limits of diffusion are the surfaces of the domain and 
the particle respectively, then
ri = rB , r2 = rd = kl rB
whence J = 4 /Td (C -C )
_______ 2 1 r
Ki
B
ie. J = k2 rB 
where k = 4 « P  ( C ^ )
in which C0 = boron atom concentration at domain surface
= boron atom concentration at particle surface 
In time dt, the particle mass will increase by 
J dt = k2rfi db
thus the volume increase will be
:2rB dts.
r
integrating V 47i P ( B
2/lP 2
t = Vb x r
k2
rB dr
Pb d  - 1 >
t = i i  
2D (C2“C1)
2
r
The coefficient of diffusivity in a mixture of two gases is given
by the empirical equation (124)
3/ )
_ 0.0043 T 11 1 \
■ n  f n 2  \ M  +  M  )P (v + v ) \ A B/
A B 
in which P = pressure (atm)
 (15)
— “(16)
v ^ /v B = molar volumes at the normal boiling 
points (cm^ . mole *)
= ■ molecular weights
A  B
A mean diffusion coefficient can be calculated for a mixture of 
argon and hydrogen. (These represent extremes of molecular 
weight for species in the system for wlich values of v can be 
obtained).
For argon (b'.pt = 87 K, M.wt. = 40)
VA = 22t4l4 x 87 _ 7143
273
for hydrogen (b.pt = 2 0  K, M.wt =2)
V B _ 22., 414 x 20 _ 1642
273
Vi t \k
. ' - 0.0043 (2500) /, s V 1At 2500 K, D = 1 ’ 1 ‘
{(7143)/S+ (1642X} 2 \40 + 2j
2 -1 
= 0.4038 cm .sec
The boron atom concentration gradient (0-:- C )z 1
-2 -4
= ( 6 . 5 x 1 0  - 1 0  ) atm
e ,^”2 , -4X 10.81 x 273 -3
_ (6.5 x 10 - 10 ) x 22>4]l4 x 2500 g,Cm
—  g —3
= 3.418 x 10 g.cm
Substituting into equation (16),
2.37 (1- £ )
1 = kl____________   2
2 x 0.4038 x 3.418 x 10“6 X ■ r
from which the time required to grow a particle of 4000 R diameter
= 3.434 x 10 4 secs.
Equation (16) is essentially that obtained from Langmuirfs equation 
for the rate of evaporation or growth of a particle (125),
where dn , „ , . , , -3 -1N—  = rate of mass transport (mole.cm . sec )
f 2.A = area (cm )
P = bulk vapour pressure (atm)
Pe= equilibrium vapour pressure at particle surface (atm)
and the other terms have already been defined.
The factor (1 - —  ) becomes unity for the case considered by 
1
Langmuir of a single particle in an infinite medium. The value 
of kj is sufficiently large that application of Langmuir's equation 
yields the same result.
The time required for particle growth by diffusion of boron 
vapour is similar to that obtained by the application of collision 
theory to the same initial conditions (c.f. Section 5.4.1).
Particle growth rates thereby obtained have already been shown to 
be too fast, hence it may be concluded that mass transport to the 
nucleus will not be the rate-limiting step in particle growth.
The extension to chemical vapour deposition processes leads 
to the same conclusion. The abundance of growth sites and the 
relatively high concentration of boron species (albeit not boron 
vapour, as in the example) ensure that the concentration gradient 
of reacting species is sufficient to produce rapid diffusion to 
the reaction surfaces. The rate of chemical vapour deposition 
will therefore be controlled by kinetic factors.
5.5. Kinetics and Mechanism of Chemical Vapour Deposition in the Plasma
5.5.1. Introduction
Previous workers who have studied chemical reactions in plasma •
discharges have shown that the course of reaction is determined by a
combination of thermodynamic and kinetic factors. In general,
thermodynamic equilibrium at the point of quenching is achieved,
but the final products are determined by the rate at wlich the
equilibrium composition is cooled. Thorpe et al. write (127),
. "Any chemical mixture reaching the temperature of an arc
is dissociated into atoms.... The chemical products obtained from [[such]]; ~
an arc depend on how the various atoms recombine and the rate of • •••--
cooling or quenching applied to them. If these atoms are allowed
to cool slowly, the reactions that ensue are governed by the laws
of thermodynamics and can be predicted with some accuracy. If these.
6
hot atoms are quenched rapidly at a rate greater than 10 K/sec, the
resulting chemistry is primarily controlled by the kinetics of; the  • ;
various atom recombination reactions."
In the present work, it has been shown that a quench rate
6
of 10 K/sec is much too fast to account for observed particle 
growth and the products formed should therefore reflect thermodynamic 
equilibrium considerations. Thorpe’s comments, however, apply to 
gas phase reactions and these are much faster than heterogeneous 
reactions such as chemical vapour deposition. Lower quench rates 
may therefore be sufficient to yield thermodynamically unstable 
solids as final products.
In addition to these factors the rate of mixing must be 
considered when reactants are introduced into the plasma tail-flame.
At high temperatures gases become relatively viscous and mixing
- 211 -
is quite slow, so the course of the reaction will depend on
chemical kinetics and mixing kinetics.
The significance of the quench rate in explaining the yields 
of certain products from the plasma is best illustrated by the example
of the thermal decomposition of methane to acetylene in an argon
plasma (26, 81, 120, 123). Yields greater than predicted by thermo­
dynamic equilibrium calculations can be achieved. The explanation 
lies in the formation of the C0H radical. With rapid cooling this 
molecule undergoes the simplest possible reaction, i.e. addition of 
a hydrogen atom to yield acetylene. Acetylene in the final product 
is thus not only that present in .the equilibrium mixture at high 
temperature but also that formed by the quenching of the reactants.
Other illustrations which include the decomposition of ilmenite,
FeTiO_ to FeO and TiO_ and the synthesis of hydrazine from ammonia
O Z
are given by Hamblyn and Reuben ( 123 ).
Yields obtained during the present work cannot be determined
solely by thermodynamic considerations since, as shown in Fig. 22, the
composition of the product obtained from a given reaction mixture
varied with residence time.
5.5.2. Temperature limits of chemical vapour deposition 
in the plasma
In Section 5.4. it was suggested that chemical vapour deposition
in the plasma tail-flame could take place only within a certain
temperature range. The limits of this range, defined from thermodynamic
considerations, were T , the maximum temperature at which solid * cond,
boron or boron carbide could exist in the system and T themax,
temperature at which the amount of solid phase present was a maximum.
Above T . boron is present as gaseous species such as BC1, BC10 and 
cond a
BH0. Below T solid boron compound are thermodynamically less 
2 max
stable than boron trichloride and dichloroborane.
The assumption that the solid products of reaction will
’freeze’ at T arises from kinetic' considerations. Once boron max
has condensed from the reaction mixture as discrete particles, the
reactions by which it could yield BC1„ or BHC1 at T (typicallyo £ nicix
1900 K) will not be particularly rapid. Studies have been made of
the reaction between boron and HC1 at 500-1000°G (128). Experiments
were carried out using pellets pressed from boron powder having a
2
specific surface area of 12M /g, the.same as that of plasma boron. 
The following reaction scheme was proposed: -
(i) HC1, . 
(g)
+ 2B, - 
(s) -- - BH. . ,(ads)
+ BC'*'(ads)
(ii) HC1, . 
(g)
+ BH/ ^ \ (ads) — BC1/ ^  ^(ads) + H2(g)
(iii) . HC1, , 
(g)
+ BC1/ . V *“(ads) —  BC12H(ads)
(iv) h c i , .
(g)
+ BH01o . . . - 2(ads) ~ * BC13(g) + H2(g)
(v) n BC1, . . (ads) — <BCl)n (ads)
o
Between 500 and 700 C the reaction proceeded according to equations
(i) - (iv). Above 900°C, the reaction proceeded according to 
equations (i), (ii) and (v). Extrapolation of the published data 
to 1900 K indicates that the rate of reaction is too sLow by at least 
two orders of magnitude to account for significant loss of boron by 
this process.
The reaction between boron and boron trihalides yields the
appropriate boron monohalide (129). The reaction proceeds readily
only at low pressures and in the case of boron trichloride, temperatures 
o
above 2200 C are required. Since the gas phase reaction mixture 
already contains a significant proportion of BC1, this reaction will
not contribute to any loss of solid boron at 1900 K. The. solid 
products can therefore be regarded as unable to react further 
below this temperature.
5.5.3. Possible mechanisms for chemical vapour deposition 
of boron ,
The process of chemical vapour deposition involves three steps, 
(i) adsorption of reactants
(ii)’ reaction with substrate
(iii) desorption of gaseous reactants 
The initial step may involve the adsorption of two or more gaseous 
molecules which react together at the substrate surface. At the 
temperature at which boron condenses from the Ar-B-Cl-H system, 
the boron-containing species (in approximate order of abundance) 
are BC1, BC10, BC10H, BC1 and BH . Other species such as BH and/ « O Z
r  ‘ ' .
B ^ ^  are present in only trace amounts. The mechanism of boron 
particle growth may therefore be considered in terms of the following 
reactions;
(a) Bn + BC1 — > Bn + 1 + Cl A H 298 = -4.9 Kcal/mole
<b) Bn + BC1 + H — »>Bn + 1 + HC1 AH298 = -108.0 Kcal/mole
(c) Bn + BC1 + H. — *A Bn + 1 + HC1 + H AH298 = -3.8 Kcal/mole
<d) Bn
+
BC12 “ *
Bn + 1 + 2C1 AH298 = 77.8 Kcal/mole
(e) B
n
+ b c i2 — Bn + 1 + C12 AHnftn298 = 20.0 Kcal/mole
(£) Bn + BC1 + H — »A Bn + 1 + HC1 + Cl 298 = -25.2 Kcal/mole
(g) Bn + bcx2 + h 2^ Bn + 1 + 2HC1 A H 298 = 24.1 Kcal/mole
(h) Bn + BC12 + 2H— >Bn + 1 + 2HC1 AH298 = -128.3 Kcal/mole
Similar reactions can be written for the other gaseous boron species 
present but, for reasons that will become apparent, only the BCT and 
B01o molecules need be considered. Although endothermic reactions
such as (d) and (e) are unlikely, highly exothermic reactions such 
as (b) and (h) are feasible since the heat of reaction can be 
absorbed by the relatively massive particle on which the reaction 
takes place.
It is clear that reactions involving molecules with more than 
one B - Cl bond will be endothermic unless hydrogen also participates 
in the reaction. Thus reaction (a) is possible, but reaction (b) would 
require Initial adsorption of BC1 followed by gas phase attack by H.
At 2400 K physical adsorption ( A H  —  10 Kcal) is not significant. 
Chemisorption may be more significant but is normally associated with 
metals and metal oxides and would have to be very strong at these 
temperatures. At room temperature boron is not attacked by chlorine 
so chemisorption of Cl_ does not occur under these conditions and,
a
since adsorption is exothermic, it is favoured even less as the temperature 
rises. Also, reactions involving three species are not particularly 
likely as concerted processes. ... .
It has been shown that, at the condensation temperature, the
reaction mixture will be in thermodynamic equilibrium. Boron nuclei
when formed will collide with molecules of each species with a
frequency proportional to their concentration. From the data used
to draw Figs. 52-62 the concentrations of BC1 and BC1 at the
condensation temperature were obtained. These are given in Table 5.3,
expressed both as mole fraction of the overall reactant composition
and as the mole fraction of boron species. It seems reasonable to
suppose that the observed amount of reaction should bear some relation
to the abundance of the reacting species. From Table 5.3, it can be
seen that the overall concentrations of neither BC1 nor BC1 correlate
• £*
with the observed conversions of boron trichloride to boron.
Table 5.3
Concentration of BC1 and DCl^ , at boron condensation temperature
. Run BC1^% conversion BC1 concentration BC12 concentration
No. calc. expt.
fraction of 
B species
total mole 
fraction
fraction of 
B species
total mole 
fraction
15 70.8 55.5 0.889 3.94 X 10-2 0.063 2.79 X icf3
17 70.0 71.7 . 0.893 3.85 X 10-2 0.060 2.58 X icf3
18 74.3 95.8 0.892 3.63 X i<f2 0.059 2.42 X icf 3
12 61.2 71.9 0.850 4.82 X lo"2 0.099 5.60 X icf3
6 34.9 35.9 0.572 3.86 X io~2 0.212 1.43 X icf 2 .
76 30.4 34.7 0.544 1.35 X io"1 “0.237 5.87 X icf2
71 21.6 29.2 0.367 1.12 X icf1 0.245 7.47 X icf2
66 11.9 18.4 0.214 8.43 X icf2 0.249 9.80 X icf2
If the fraction of boron present as BC1 is considered, however, the 
correspondence wit.h the observed amount of' reaction is.fquite;good.
This cannot be regarded as evidence that the reaction necessarily 
involves the BC1 molecule because the fraction of boron present as 
BC1 and the experimental conversion of boron trichloride both correlate 
well with the maximum thermodynamic equilibrium conversion of boron 
trichloride. The extent to which thermodynamic equilibrium yields 
were achieved is indicated in Fig. 68, which shows the data given in 
Table 5.1. The two runs for which less than the equilibrium yield 
was obtained were those with the highest H^/BCIj ratios (i.e. shortest 
residence times) and little or no methane. Since, with these two 
exceptions, all the reactant compositions reached thermodynamic 
equilibrium, it may be concluded that, whatever reaction mechanism
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Fig. 68. BCl^ experimental conversion vs. maximum calculated
conversion
is involved, it is fast or comparable with the quench rate in the
tail-flarae. By analogy with the calculations in Section 5.4., it
follows that particle growth must involve reaction of the nucleus
with a relatively abundant species. The high proportion of boron
present as BC1 together with the heats of reaction given earlier
suggest that the process takes place according to reaction (a),
B + BC1 --- ► B Cl A H nnn = -4.9 Kcal/mole
n n + 1 298
At 2400K, the Gibb's free energy of this reaction is
A G  = 13.88 Kcal/mole. The equilibrium constant K^ = -£ciJ’/ ^BClJ
is given by
AG = -RTln K
P
from which In K = ~13,880 or K = 0.054
P 1.987 x 2400 p
K has been calculated at 2400K and not 2500K since it is more 
P
realistic to choose a temperature below the condensation temperature 
when solid boron actually exists. Reaction (a) is almost thermoneutral 
and the value of K^ is consequently insensitive to changes in 
temperature, i.e. over the temperature range within which boron is 
deposited, K^ is always less than unity and AG for the reaction is 
always positive. In spite of this, the reaction can still be 
considered as a possible boron deposition route because efficient 
removal of Cl by H_ will drive the reaction to the right. (Note
a
that K is equivalent to the condensation coefficient in 
P B
Section 5.4).
The formation of yields in excess of thermodynamic equilibrium 
values, as shown in Fig. 68, can be explained by assuming further 
reaction between the particles and the BC1 molecules still present 
in the gas phase at the lower temperature limit, T • This is
similar to the formation of acetylene from methane described 
earlier. Other reactions, e.g.
BC1 + BC1 -- * B_ + Cl ' AH = 67.6 Kcal/mole
and possibly
BC1 + HC1 ---► BHC1 , A H OQO = 71.0 Kcal/mole
are forbidden by orbital symmetry considerations (97).
5.5.4. Rate of particle growth by chemical vapour deposition
The rate at which a boron particle grows by reaction of BC1
molecules with a boron nucleus can be obtained by substituting the
appropriate values into equation.(8). Allowance must be made,
however, for the fact that not all collisions will be effective.
By the law of microscopic reversibility, on a boron particle at
equilibrium, the rate of the reaction
Cl + B ,    BC1 + B-
n + 1 n
must be the same as that of the reverse reaction. So if the equilibrium
constant K is 0.054 and if all the Cl + B , encounters are effective, 
p n + 1
then only 0.054 of the BC1 + Bn encounters can be effective. Thus the 
time required for particle growth from equation (8) must be divided 
by Kp. Equation (8) therefore becomes
k
12n a
T
n . . . ----
“fid V
M ™  BC1
87T RT
1
X F
P
If the times thus calculated represent the time it takes the gas
stream to cool from T to T then cooling rate constants
cond max,
(assuming Newton’s law of cooling applies) can be calculated from 
the expression T “300 
cond
T -300 
max
(For the derivation of this expression, see Appendix C).
Table 5.4 lists the results of these calculations carried out for
the runs in Table 5.2. In each case particle growth has been
calculated at the appropriate value of T , with the values of
■ r cond
n^-. as given in Table 5 ..3.
BC1
Table 5.4.
Calculated times for particle growth from collision theory
Run
No.
T  ^cond
( k )
T
max
( k )
n
BC1
(atm)
T
n
(sec)
k “1
(sec )
15 2485 1900 3.94 X icf2 3.165 X icf2 9.85
17 2507 1900 3.85 X icf2 3.252 X icf2 9.89
18 2500 1900 3 . 63 X icf2 3.441 X icf2 9.26
12 2446 2000 4.82 X icf2 2.567 X io-2 9.08
6 2267 1850 3.86 X icf2 3.083 xricf2 7.73
76 2422 2000 1.35 X icf1 9.901 X icf2 22.40
71 2344 2000 1.12 X icf1 1.079 X icf2 21.51
66 2223 1900 8.43 X icf2 1.399 X icf2 13.14
From his results shown in Fig 64, Hamblyn calculated the 
peak reactant temperature by assuming that thermodynamic equilibrium 
was attained. The temperature profile thus obtained does not conform 
strictly with Newton's law of cooling, but an approximate value for 
the cooling rate constant of k = 11.1 sec * can be calculated (see 
Appendix C). Considering the assumptions made, this is in good 
agreement with the results obtained for runs no. 15, 17, 18 and 12 
above, and also agrees well with the value of k = 11.1 sec  ^obtained 
from the spectroscopic results in section 5.2.2. The concordance 
between the results obtained by such widely differing methods is an
indication of the validity of the original assumptions. The higher 
values of k obtained for runs no. 76, 61 and 66 indicate that 
particle growth from these compositions, which have a relatively 
high BC1 concentration, takes place rapidly compared with the quench 
rate.
In the calculation of the time required for particle growth 
from equation (8), the effects of depletion of reactant molecules 
and the fall in temperature have been ignored (note that they will, 
to some extent, cancel each other out). If these effects are taken 
into account, equation (8) becomes
T = 8n3 MBC1
n 2 “d 87TR 
B
Particle growth times df the compositions in Table 5.4 calculated from 
this equation lie in the range 0.8 secs to 2.0 secs. As illustrated 
in Section 5.4.2., particle growth times of this order of magnitude 
are not compatible with the overall dimensions of the apparatus.
The assumption of constant BC1 molecule density can be considered 
in terms of the rate of mixing in the plasma tail-flame.
From the expressions derived in Appendix C, a temperature 
profile in the plasma tail-flame can be calculated. Fig. 69 shows 
the profile for a typical reactant composition of total flow rate
-1
100 1/min at N.T.P. assuming a cooling rate constant of k = 10 sec .
If reaction stops at 1900 K, the particle will have travelled 21.6 cms, 
equivalent to about 4 tube diameters. The Reynold’s number of the
gas stream is given by
gas velocity x tube diameter x gas density 
R = "
gas viscosity
and for the plasma tail-flame has the value of approximately 500.
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This represents a low value and therefore it may be concluded that 
mixing will be slow. Thus the gas stream containing the growing 
particle will be continuously mixing with unreacted, boron trichloride 
the dissociation of which will replenish the BC1 concentration.
5.5.5. BC13~CH4 reaction, development of theoretical models
In the absence of reliable details of conditions in the plasma
reactor, a model of the .reaction . mechanism of the type usually
encountered in gaseous reactions cannot be formulated. If tbe overall
behaviour of the system could be expressed in terms of the gross
experimental variables, it would help in the testing of possible reaction
mechanisms. In the BCl^-CH^ reaction, the obvious choice of variable
in the reactant composition, (B/C) , and its effect on the product
K
composition, (B/C) .
P
The major products formed by the reaction of boron trichloride
with methane were found to be those indicated by equation (4),
4BC10 + 3 CH. = B.C + 2C + 12HC1 — (4)3 4 4 ...
i.e. the thermodynamically stable species, boron carbide, carbon
and hydrogen chloride. As boron trichloride will not react in the
absence of methane, it follows that this equation requires the
composition of the solid products to be independant of the BCl^/CH^
2cJ . 54.6 wt% boron, 45.4 wt% carbon). Only the
amount of reaction should increase with the methane concentration.
As shown in Fig. 23, (B/C) ■ was in fact observed to increase
with (B/C) , and the product always contained more carbon than 
R
required by equation (4). A reasonable explanation for this is the 
simultaneous occurrence both of the reaction yielding boron carbide 
and the thermal decomposition of methane to carbon. Hydrogen 
produced by the latter reaction cannot subsequently reduce boron 
trichloride to boron since this re-imposes the constraints of
ratio (-IB C,
- 223 -
equation (4) on the system. The reaction products must therefore 
contain gaseous hydrogen or a by-product of hydrogen and boron 
trichloride* e.g. dichloroborane BHC10. A model was proposed in 
which the overall reaction was represented by two competing 
reactions, viz.
(i) boron trichloride + methane — boron carbide
(ii) methane — — •» carbon
If the solid products are assumed to consist of boron carbide
(composition B.C) and carbon, an expression relating (B/C) to the 
4 P
relative amounts of each of these components can be derived.
Suppose the mole fraction of boron in the" product = M t
Suppose the mole fraction of carbon in the product = [cl,
(i.e. [b] + [c] = 1)
T T
then W T = (B/C)
[C]
T
If-all the boron is present as“boron ;caf*bide, the'mole fraction of 
boron carbide in the product is given by
[b4c] = [b] + i [b]
T -«T
similarly the mole fraction of free carbon in the product is given 
by
[c] = [c] - i [b]
T T
so [ y O . M  . + 4 [b] > b-|
--L- T_ T _ 5 L -»T
. w  ' [c] - 4 [b] [c]
T T  T
<- M ,
or [b c] 5 (B/C)
*- 4 J = p
[c] 4-(B/C)p (17)
- iSZfl -
Model A
For the derivation of the first model, the assumption was
made that in any reaction between a boron-containing molecule and
a carbon-containing molecule the boron and carbon involved would
react to form boron carbide. In their simplest form, the two
competing reactions may be written
k. ■
BC1- + n CH. — B.C -3 4 4
k2
CH -> C4
Although the model is concerned with the relative amounts of 
these two reactions, there is evidence (78, 81, 82, 83) to 
support the assumption that the thermal decomposition of methane 
is first order and unimolecular.
The relative proportions of boron carbide to carbon can be 
obtained from the rate equations,
d M  » ki [ bci3]  [ chJ  n - - -
dt
d[c]
dt ’ k2
[ CH4]
Mthus d I „ „ I . r “i r i  n-1 ^ - £ K] M
d [c] 2
Let the initial B01o concentration BC10o u 3-
o
[^ B l ]
If after time t, x moles of B^C are fonned, then 
' 4
[ “ * j = b - 4x
t
[ CHa ] ’ =Similarly, if the initial CH^ concentration |_CH^J • = c
o
and after time t, y moles of carbon are formed, then
[c h.] = c-y
4‘t
substituting into equation (20)
-(18)
"(19)
" ( 20)
Integrating,
dx
(b-4x)
- J In (b-4x)
kl (c-y)n 1 dy 
k2 J
H ) h "+ const.
when x = o, y = o,
therefore const. = 1 / 1  ) I n it. )
or
thus
In
In
n
b-4x
b-4x
- (c-y)
n
k2 I n
1 /  c" “ (c-y)n l
**2 I
 (21)
Expressions of this form cannot readily be solved. Values of
k../k and n can be obtained by the method of successive approximations.
JL Z
Thus, from Figs. 41 and 42,
when =
when [c«4] =0 0.266
BC1 % conversion = 33 
o
CH.% conversion = 100 
4
BClg% conversion = 24
CH % conversion =97.5 
4
By substituting these values into equation (21), two simultaneous
equations in (k_/k ) and n are obtained. Solving these yields
X A
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Model D
In Section 5.5.2 it was shown that realistic times for 
particle growth could be realized only if depletion of BC1 was 
ignored. If this is taken into account, a simplified and more 
useful model of the reaction can be derived.
If depletion of the reactants is ignored with other 
assumptions as for Model A, the-relative amount of boron carbide 
to carbon is given by equation (20) in which ^BCl^j and 
remain constant, i.e. = ^B/^ r *  For a 't'wo“cornPonen‘t
mixture containing only boron trichloride and methane at a constant 
pressure of one atmosphere • - -...........  • .-••••
[b c i3] + [cilj = X
where j^BClgJ .and ^ ^ 4^ are mo-1-e fractions. 
Dividing by £cH4J [BC13]
+ 1 =
[ ch4]  CchJ
or (B/C) = —  - 1
Cch4]
rearranging £^H4j = 1
1 + (B/C)r
substituting for eQua‘ti°n (20)
T v l  f , ) n
  = (k i/k2^ (B/C)R 1 1 + (B/C) f
to]
By combining equations (17) and (24) an expression connecting
(B/C) and (B/C)_ can be obtained, p K
-(22)
-(23)
"(24)
5<B/ C>P = h.  ( b / o r  I  i  1
4-(B/C) ^  I 1 + (B/C) [
P
> '  j — ^ r
ns t/Moi/of I__
U 2 J |i + (B/C)r
dividing by ^1 f 1 | n
k2 I 1 + (B/C)k  |
4 (B/cV
(B/C) =    R
p c ko f In5 _1 J 1 + (B/C) ) + (B/C)
ki I  R( R
Optimum values of kQ/k and n were obtained by regression
Z 1
analysis. I.t became apparent that a satisfactory fit to the
data could not be simultaneously achieved for all the experimental
points. Although this cast doubt on the validity of the model,
there remained the possibility that, as mentioned in Section 4.3.2.,
experimental results obtained at low flow rates (i.e. high (B/C)^
ratios) were misleading because of poor mixing of the reactants.
For values of k0/k and n which yield a curve showing a good fit Z 1
to the data at low (B/C)„ values, calculated values of (B/C) at
R P
high (B/C)_. values were greater than observed. Fig. 70 shows 
R
three curves obtained for optimum values of kg/k^ and n calculated
from (a) all sixteen experimental points, (b) with the point at
(B/C)^ = 9.94 omitted and (c) with points at (B/C) = 6.84 and
R R
9.94 omitted. Curve (c) is a good fit to the experimental data 
up to (B/C)n = 5.1. Values of k /k and n for the three curvesR ct L
-(25)
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are given in the table below.
Model B Optimum values of k„/k_ and n
Z 1
Range of experimental data k2/kl n
a) all data 0.9350 0.8387
b) (B/C)r < 9.5 1.0302 0.7556
c) (B/C)R < 6.5 1.1459 0.6598
The value of n is in good agreement with that obtained from 
Model A using the rigorous treatment of the rate equations.
As the methane concentration tends to zero (i.e. as (B/C)K
tends to infinity), Model B predicts that, for values of n<-1,
the product composition tends to B^C,
i.e. for n< 1 lim f 4 (B/C)K
(B/C) —  »/ . k f In
^ { 1 + (B/C>r } +<B/C)r
1 = !
This illustrates the assumption implicit in the model that the 
reaction is driven by the formation of boron carbide, the 
composition of the by-products being relatively unimportant.
From this model, it is possible to derive expressions for 
the amount of boron trichloride and methane reaction in terms of 
the methane concentration. The relative amounts of boron trichloride 
reaction ( ^ Q) and methane reaction ('^q ) are given by the equation
^  = 1 b
<B/C)r V c
V c = (B/c)R 7)„
' CB/C1 /( /Op
(26)
It has been shown (Fig. 41) that for [^H4j< 0.38 to a
good approximation ^  ra [~CH 1
(B L 4J
substituting for (B/C) in equation (26)
P
J c = (b/c)r (. 5 ^ I 1 + (b/c)r} n + (B/C)Rj
4 (B/C)r •7 B
Now substitute for (B/C) from equation (22) and for 7? from
R IB
equation (27)
/ -n I” CH 1
>  ■ = K l r h  K l -  
K lki
[CHJ1 ” + x -[c«4]
Substituting the values m - 0.9032, k / k  =1.1463 and n = 0.6598Z X
yields the curve shown in Fig; 7£. The derivation is only valid
for methane concentrations up to 38 vol %, but in fact the predicted
conversion reaches 100% at a methane concentration of 27.8 vol %.
At higher concentrations a conversion of 100% has been assumed.
The model provides a reasonable fit to the rather scattered data.
The assumption that the methane conversion remains constant
at 100% for methane concentrations greater than 27.8 vol % enables
a similar derivation to be performed for f t h e  boron trichloride
conversion.
If OO = 1, equation (26) becomes 
(C
(B/C)
(B/C)R
-(27)
“(28)
40-
30-
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Fig. 71. BClg conversion, Models B and C
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Fig. 72. CH conversion, Models B and C
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Again, substituting for (B/C) from equation (25)
P
5 k2 J 1 + (B/C) 1" + (B/C)
\  I  Rj
and substituting for (B/C) from equation (22)
K
7
4 tc,iJ
5 k T-n
K  [ C"«] -  K ]
—  (29)
+ 1
...... The curve generated when the same values for k /k and n
Z 1
are substituted as for 0 ^  is shown in Fig. 71. The curve meets 
the-straight line drawn through the. origin at the point equivalent 
to a methane concentration of 27.8 vol %. This coincides with the 
limit of the range over w h i c h w a s  assumed to beconstant. The 
coincidence of these points is a test of the self-consistency of 
the model. This model provides a reasonable fit to the data for 
methane concentrations greater than 30 vol %. Above 40 vol % methane, 
the value of is numerically indistinguishable from the straight 
line
Tph 1
,098%  = °-6 L0"4] + o.'
To a first approximation, the plasma may be regarded as 
a constant volume reactor. The effect of substituting methane 
molecules for boron trichloride molecules on the amount of boron 
trichloride reaction in such a system can be obtained from equation (29) .
The number of boron trichloride molecules which react, N , in a
B
constant volume of reactants is given by
N B =*7b (1 - H 5 .
Values of N , expressed in terms of the number of boron 
B
trichloride molecules which react per 100 reactant, molecules, are 
given in the table below.
0.30 0.35 0.40 0.45 0.50 0.55
18.64 19.53 20.01 20.13 19.89 19.31
The interesting result is that as methane substitutes for boron 
trichloride, equivalent to an increase in the methane concentration 
from 30 vol.% to 55 vol.%, the number of boron trichloride molecules 
which react remains practically constant. This effect can be 
confirmed by performing the same-calculation as the experimental 
data in Table 4.8 for runs 62-70.
i.e. N = BC1 Jo/(l + 1 ~ V
7  { (B/C)J
Values thus obtained are set out in the table below.
Run No. 62 63 64 65 66 67 68 69 70
M 0.320 0.328 0.353 0.377 0.392 0.410 0.435 0.447 0.466
Nb % 20.65 19.65 20.76 21.29 19.12 18.29 19.61 19.65 19.41
The assumptions made in the derivation of this model are open 
to criticism. In particular, the requirement that boron- and carbon- 
containing molecules should react to form only boron carbide, which 
implies that, unless n 4  0.25, some methane must react to form carbon- 
containing gaseous by-products. This conflicts with the observation
that at a concentration greater than 20 vol.%, methane reacted 
quantitatively yielding carbon or boron carbide. Also, neither 
hydrocarbons nor halocarbons were detected in the gaseous by­
products.
Although equation (18) makes no concessions to stoichiometry, 
this only affects the value of kg/k^. Thus if equation (18) becomes 
BC13 >  n CH4 - X  J b4c
then equation (25) becomes
(B/C) = (B/C)B
P 5 k f 1 n
If I1 + (B/C)rj + I <B/C)k
in which k /Vi = \ k /k_ , i.e. k/ = 4 k .
Z  1  £  X  1  1
The behaviour- of the model remains-unchanged provided the -reaction 
is assumed to remain first order with respect to K] • •
Model C
In the light of the foregoing, a modified version of the 
competitive model was proposed in which the reaction between boron- 
and carbon-containing molecules could yield boron carbide and 
carbon. The inclusion of carbon as a product made it necessary 
for the correct boron stoichiometry to be observed. The assumption 
was still made that all the boron and carbon in reacting molecules 
yielded boron carbide or carbon. Thus the model can be represented 
by the equations
k;
BC13 + n CH4 — > £ B4C + (n-J) C
CH  r* C
4
—  (30)
—  (19)
from which
M  4 kl [bci3] [ch4]_______________
W  k2 [ CHJ  +(n_^  k i "  t BC13]  CCH4]
dividing by k^" n + 1
✓'' J
[ V ]  =
[c] .
1 (B/C)
^2 / l _
V  [CHJI
+ (n-4) (B/C)
substituting for £cH ~J from equation (23),
[ V ]
W
i (B/C).
f 1 ntl jl + (B/C)Rj + (n-i) (B/C)
R
and by substituting in equation (17)
(B/C),
(B/C) =
P
R
5 k2 fl + (B/C) \ n + (5n-l) (B/C)
V I  !
R
As before, values for k0/k " and n were obtained by regression
« 1
analysis with separate calculations performed to exclude data at high
(B/C)_. ratios. Optimum values of k /k " and n for the three cases R £t JL
are given in the table and the curves drawn in Fig. 73.
Model C. Optimum values of k„/k " and n----------- c----------------- 2— l--------
Range of experimental data W n
(a) all data
(b) (B/C)r < 9.5
(c) (B/C)r < 6.5
0.2391
0.2687
0.3006
0.3661
0;3483
0.3292
(31)
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Only by excluding the points at high (B/C) ratios could a good
fit to the rest of the experimental data be obtained. The curves
generated by this model are similar to the equivalent curves of
Model B. The deviation in (B/C) is less than 0.005 over most
P
of the experimental range and becomes significant only for (B/C)R
ratios greater than 10.
As (B/C)n tends.to infinity, the limiting value of (B/C)
R ]
is given by
lim
(B/V “ l s v L (B/c)
I v  1
Substituting the value n = 0.3295, a limiting value for (B/C) of
P
1.545 is obtained. It is particularly interesting to notice that
if n = 0.35, the limit of (B/C)^ becomes 1.333. This composition
corresponds to that of equation (4), i.e.
4BC1_ + 3CH --  ^ [B.C_] + -12HC1
3 4 L 4 3J
This suggests that, in contrast to Model A, the overall reaction
is driven by the formation of hydrogen chloride. This value of n
is a good approximation to that of curve (b). However, the limiting
value of (B/C) given by this formula is very sensitive to changes 
P
in n. A decrease in n from 0.40 to 0.30 increases lim (B/C) from
P
1.0 to 2.0. The accuracy of the determination of n does not justify 
calculations requiring precise values of this quantity.
As with Model B, expressions relating the amount of methane 
reaction and boron trichloride reaction to the methane concentration 
may be derived. Thus by substituting for (B/C) from equation (22) 
equation (31) becomes
n
+ (5n-l)(B/C) 5n-l
R
(h/ O r
1 .
(B/C) -
P 1-n
3  [CH ] + (5n-l) (1-[CH ])
• It ^ 4
1
and by making the appropriate substitutions in equation (26)
* = m 5 ^2 [CHJ 1"’n + (5n-l) (1- [CH^] )
A I
1
c - '-~V ' ‘--4
The curve generated by this equation is shown in Fig. 72 and 
is similar to that of Model B, reaching 100% at a methane concentration 
of 28.2 vol %.
i <
Similarly, if yc is assumed to remain constant at 100% at 
methane concentrations above 28.2 vol %, the expression for ^  can
be derived by substitution.in equation (26)
= I" O J
1-n
2l [ C H j  + (5n-l) (1-[CH4] )
4
x
]
7  = — -----
5 u r„. n X_n
k
K1
7
[chJ
B ' l~n
22 [CH.] + (5n-l) (1-[CH ] )
k " 
kl
This expression is numerically indistinguishable from that of model A, 
shown in Fig. 73.
It is not possible to choose between these two models on the 
basis of the extent to which they fit the experimental data. Only at 
high (B/C)., values (>20) do the two predicted values of (B/C) differH p
significantly. This represents the addition of very small amounts of 
methane to the boron trichloride plasma, which is the condition under
4JSJ
which it is thought that satisfactory mixing of the reactants is 
not achieved.
The thermodynamic equilibrium calculations in Section 5.1 
suggest that model C, in which the formation of HC1 governs the 
product stoichiometry, is the more accurate representation of the 
reaction.
The process of energy transfer to the methane molecules
must involve collision with chemically active species formed by
the dissociation of boron trichloride. It follows, therefore, that
the ratio of the rate constants, k^/k^”, represents the probability
that such collisions yield carbon in preference to boron carbide.
Thus Model C may be said to represent the process by the equations
kl(i) 4 BC10 + 3CH — --T-fr B.C + 2C + 12 HC1
3 4 4
k2(ii) CH4 ■ — > C
in which the probability of (i) occuring is approximately 3.72 times 
that of (ii)-. - It should be noted, however, that the rigorous treat—  
ment of Model A yielded a value for k /k of'0.147 compared with a
X a
value of approximately 1.0 obtained from the simplified version,
Model B. Thus the rigorous treatment requires that the rate, or 
probability, of reaction (ii) be greater than indicated by the 
simplified treatment.
5.5.6. Chemical vapour deposition o~f boron carbide
The mechanism of the reaction by which boron carbide is 
formed in the plasma will be similar to that proposed for the 
formation of boron. The reaction must proceed by a chemical vapour 
deposition mechanism because boron carbide does not exist as a vapour. 
The reaction is more complex than that of boron, however, because of
the different solid phases that can form as the reactants cool.
The experimental evidence obtained during the present work 
indicates that the mechanism involves the formation of a carbon- 
.rich nucleus which then undergoes further reaction with boron 
species. This is consistent with the thermodynamic evidence that, 
unless present in only small amounts, carbon will condense from 
thermodynamic equilibrium compositions at a higher temperature 
than boron carbide. The reaction may be represented, therefore, 
as the precipitation of carbon nuclei which then react with BC1 
molecules to form boron carbide,
C + BC1 ---* BC + Cl
n n
A mechanism of this type explains many of the observed 
features of the system. The role of carbon as a nucleating agent 
is revealed by the decrease in particle size with increasing carbon 
content, discussed in Section-5;3. Also, in Fig. 22 the (B/C)
p
ratio is shown to increase with residence time, the rate of increase 
being most rapid at high H^/BCl^ ratios. At low Hg/BCl^ ratios 
further reaction of BC1 is slow because there is insufficient 
hydrogen to remove the Cl produced. It is probably coincidence 
that extrapolation of the data for H~/BC1 = 4 and 8 back to
A O-
X  = o secs indicates the initial formation of a solid phase with 
the composition B^C.
It is clear that an important aspect of such a mechanism 
is the process by which the carbon nuclei are formed. In conventional 
studies of soot formation during the pyrolysis of hydrocarbons, the 
only reactions that can take place are those between the hydrocarbon 
fragments. In the present work, other reactions will also take 
place which will affect the course the overall reaction takes.
The mechanism by which carbon is formed during the pyrolysis of
hydrocarbons is highly complex and, despite extensive investigations,
has not been clearly identified. A survey of work published bn
this topic is beyond the scope of this thesis, but a number of
significant features deserve comment.
It has recently been claimed (118) that there are two distinct
routes by which aromatic hydrocarbons decompose to carbon. The first
route involves condensation of the aromatic skeletons of the parent
molecules to form polycyclic species which lose hydrogen. This
mechanism is of interest only because particle growth rates calculated
for such systems from free molecule collision theory (i.e. the basis
of the calculations in Section 5.4) agreed well with experiment.
The mechanism was considered to be a relatively rapid process.
The second route involved, the decomposition of the hydrocarbon to '
C, C , C , C H, C H, etc.- followed, by the recombination of these 
1 2 2 ■ 3
fragments to form chains with/the.loss of hydrogen at each step.
This mechanism, originally proposed by other workers'in this field, 
was said to be the mechanism by which small aliphatic hydrocarbons
S - .
yielded soot.
If, as claimed, the formation of carbon nuclei from methane 
is a slow process (but nevertheless fast relative to the nucleation 
of boron), the amounts of reaction shown in Figs. 24-40 can be 
explained.
In Figs. 24-48, the amount of reaction in the BC1 -H -CH
o £ 4
system is shown to increase with methane concentration at low flow 
rates. The same data are plotted against residence time in Figs.35-40 
in which the runs shown in Figs. 24-28 appear at the longest residence 
time in each case. Except at high ratios (and therefore
short residence times) the amount of methane reaction did not change 
significantly with residence time. The decrease in the amount of 
reaction shown in Fig. 36 was probably caused by inadequate mixing 
of the reactants in the plasma tail-flame. The residence time was 
thus long compared with the time required for nucleation, so the 
increase in the amount of reaction with methane concentration reflects 
the increased availability of reaction sites (i.e. carbon nuclei).
At high flow rates (Figs. 31-35) the amount of reaction 
decreased with increasing methane concentration. Although it is 
possible that an alternative reaction yielding a gaseous carbon- 
containing product could compete with the nucleation process, this 
unlikely at the temperatures in the tail-flame. A more satisfactory 
explanation is that inefficient retention of the product by the bag- 
filter caused an apparent decrease in the yield and therefore in the 
calculated amount of reaction. The conditions of short residence 
times and high methane concentrations used during these runs"favour 
the formation of small particles, some of which could have passed 
through the bag-filter. Since products with the highest carbon content 
consist of the smallest particles, these will have been harder to 
retain and the apparent yields will have been proportionately lower.
An interesting comparison can be made between the effect that 
the addition of methane has on the amount of reaction in the BCl^-H^ 
system in the plasma and in conventional C.V.D. systems (i.e. with 
a static substrate). In the latter case the addition of methane is 
reported (35, 92, 93 ) to reduce greatly the amount of reaction
taking place despite the more favourable thermodynamics of boron 
carbide deposition. This is attributed to the higher activation 
energy for boron carbide deposition of 57.5 Kcal/mole compared with 
29 Kcal/mole required for boron deposition (64, 65). In these cases,
the addition of methane has no effect on the geometry of the 
deposition surface, which is determined solely by the design of 
the substrate and which does not alter significantly during the 
course of the reaction. The comparison with the results obtained 
at low flow rates in the plasma serves to emphasize the importance 
of carbon as the nucleating agent.
When carbon is present in only small amounts, the first 
solid phase to condense from the reaction mixture is boron carbide. 
The mechanism by which this will take place is not clear, since, 
at the condensation temperature of boron carbide, neither boron 
nor carbon will condense, yet a nucleus is required for further 
reaction to proceed. The reaction mixture probably cools until 
sufficiently supersaturated with respect to boron carbide for small 
molecular clusters containing both boron and carbon atoms to become 
stable.
If the formation of carbon nuclei is slow compared with the 
residence time, the thermodynamic equilibrium conversion of methane 
to carbon will not be achieved. This agrees with the experimental 
observations that total conversion to carbon occurred (with the 
exception of run 18) only during the BClg-CH^ reaction. The nature 
of the carbon-containing by-product was not determined.
5.5.7. Formation of dichloroborane. BHCl^
Further information concerning the role of possible reaction 
intermediates can be obtained by considering the formation of the 
by-product dichloroborane, BHC10. Although this product was always 
formed when methane was present in the reaction mixture, its presence 
was only detected in the absence of methane when hydrogen was passed 
through the plasma. The formation of dichloroborane (31) has also
been reported when boron trichloride is added to the tail-flame of a 
plasma jet. Quantitative conversions to BHC1_ have been reported (95)
a
o
when boron trichloride and hydrogen are heated to 700 C over a silver
catalyst for periods of 0.2-0.8 sec and rapidly quenched.
These results suggest that the formation of dichloroborane in
the plasma takes place by a reaction which involves hydrogen atoms
and which v/ill only take place at a relatively low temperature.
When hydrogen is passed through the plasma (or -plasma jet), a
significant degree of dissociation will occur: The addition of hydrogen
to the plasma tail-flame is unlikely to result in the same degree of
dissociation. The decomposition of methane, however, is considered to
start by the loss of hydrogen,
CH .  > CH + H .
4 o •
This process requires relatively low temperatures (1000 K) and so 
would provide a low temperature source of H atoms. The reaction with 
boron trichloride could then proceed as below,
H + BC13 ---  BC12 + HC1
H + BC1 ---* BHC1 + HZ Z Z O'
Even in the absence of methane or of thermally dissociated hydrogen, 
however, hydrogen atoms will still be generated by the normal chain 
reaction between chlorine and hydrogen. It is not clear why this 
source of atoms should not initiate the reaction sequence above.
The explanation may lie in the abundance of nuclei which can act as 
third bodies in the chain-termination radical recombination reactions. 
The rate at which dichloroborane is produced will depend on the 
relative rates of H atom production and recombination. It is suggested 
that, in the absence of methane, recombination is sufficiently rapid
- 245 -
to ensure a low H atom concentration. Only when an additional
source of H atoms is available will their concentration be
sufficient for the formation of dichloroborane totproceed at a
reasonable rate.
Diana et al (31) assumed that thermodynamic equilibrium
was achieved’and interpreted the yields of BH01o formed in a
z
plasma jet as showing that the reaction was 'frozen' at a
comparatively high temperature which varied from 1600-2400 K.
Another interpretation is, however, possible.
Consider the rate of decomposition of BHC1_ as being the
z
rate at which the weakest bond will rupture (B-H bond strength 
79 Kcal/mole (16)). The unimolecular rate constant k is given
k = A exp (- AH/RT)
13.5 -1
At 600 K, A has the value (101) of 10 sec , so at 2400 K
A will be 4 x 1013*5 sec 1. If T = 2400 K 
13.5
k = 4 x 10 exp (-79,000/1.987 x 2400)
6 -1 
= 8.08 x 10 sec ,
whence ti = ” In 2 
2 k
— 8
= 8.6 x 10 secs.
-4
Similarly at 1600 K, t^ = 3.4 x 10 secs.
It is evident that the rate of decomposition of BHC1Q at 2400 Kz
will be much too rapid for quench 'freezing' to be possible.
The reaction must therefore freeze at a much lower temperature, 
where the equilibrium mole fraction of dichloroborane is decreasing 
as the temperature falls.
CHAPTER 6 
CONCLUSIONS
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6. CONCLUSIONS
1) Boron carbide can be formed by the reduction of boron
trichloride with methane or methane-hydrogen-argon mixtures in 
ah RF plasma. The product is obtained as a finely divided powder 
containing particles from 100 to 10,000 R in diameter. The 
particles are commonly in the form of Well-defined crystals 
whose morphology is related to the rhombohedral unit cell of 
boron carbide. The particle size increases with the residence 
time in the plasma tail-flame and decreases as the carbon content 
of the product increases. The particle size of-boron carbide
of composition B C is typically 300 - 500 $, approximately one- 
tenth that of plasma boron.
2) Calculated values of the a and c lattice parameters from
X-ray diffraction measurements show that,
(i) with up to 4.5 wt.% C (equivalent to (B^g^.CBC), 
the product consists of ^ -rhombohedral boron,
(ii) from 4.5 wt.% C to 14.6 wt.% C (equivalent to
B .CBC) carbon preferentially occupies the terminal
JlZ
positions of the linear triatomic chain in the boron 
carbide unit cell,
(iii) from 14.6 wt.% C to 21.7 wt.% C (equivalent to 
B.C), carbon atoms substitute at random for boron
fl
atoms in the B icosahedra to form B C. CBC.
JLZ JL X
(iv) further carbon appears as free graphite.
3) Calculations of the rates of recombination processes in the 
plasma tail-flame indicate that, at temperatures above approximately
- 248 -
1900 K, thermodynamic equilibrium will be attained. Thermodynamic 
equilibrium calculations and spectroscopic observations both show 
that, in the plasma tail-flame, the major boron species is the 
BC1 radical. Boron vapour is present in only trace amounts at 
the condensation temperature of solid boron and so the growth of 
boron particles cannot be explained by the direct condensation of 
boron vapour.
4) The formation of both boron and boron carbide is thought to 
take place by a chemical vapour deposition process. The growth 
of boron particles is initiated by the precipitation of boron 
nuclei formed by condensation of boron vapour in the cooling 
reactants. The nuclei then grow by reaction with BC1 molecules, 
the reaction being driven by the removal of chlorine by hydrogen. 
Boron carbide is thought to be formed by the initial condensation 
of a carbon-rich phase which then undergoes a similar .chemical . 
vapour deposition reaction with BC1. The formation of an initial 
carbon-rich phase is indicated both by observations Of the increase 
in the boron-to-carbon molar ratio of the product with residence 
time and by thermodynamic calculations. The decrease in particle 
size with increasing carbon content also indicates the much greater 
efficiency of carbon over boron as a nucleating agent for particle 
growth. The amount of reaction increases with the methane 
concentration at low flow rates, in contrast to the decrease in 
amount of reaction reported in conventional C.V.D. experiments.
This is thought to reflect the increase in the number of reaction 
sites (carbon nuclei) available for reaction with BC1. The
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apparent decrease in the amount of reaction with increasing 
methane concentration at high flow rates is probably caused by 
the difficulty of quantitatively collecting the very small 
particles produced under these conditions.
5) The growth of boron particles in the plasma tail-flame 
can be accounted for in terms of the collision theory of gases.
The reaction takes place between temperature limits that can be 
obtained from thermodynamic considerations. The upper limit, 
defined as the temperature at which solid boron will condense 
from the system, is determined by the reactant.composition and 
pressure and lies in the range 2280 -2560 K for Hg/BClg molar 
ratios of 1 to 100. The lower limit, defined as the temperature 
at which the equilibrium yield of solid boron is a maximum, is 
relatively insensitive to changes in the reactant composition and 
lies in the range 1850 - 2000 K. Below this temperature, solid 
boron is thermodynamically unstable with respect to the gaseous 
reactants, but the reverse reactions do not appear to take place 
at a significant rate.
6) The extent to which the thermodynamic equilibrium yield 
is realized is determined by the time the reactants spend in the 
temperature range of particle growth, i.e. on the reactant flow 
rate and the rate at which the gas stream cools. On the assumption 
that Newton's law of cooling applies, cooling rate constants were 
calculated from (a) particle growth rates by chemical vapour 
deposition, (b) spectroscopic observations of the presence of
B-H bands in the plasma tail-flame and (c) previously reported
c - 250 -
temperature profiles in the plasma tail-flame obtained from
thermodynamic considerations. Results are all in good agreement.
The time required to grow a boron particle 4000 R in diameter
-2
is found to be approximately 3 x 10 sec.
7) The reactions giving boron and boron carbide will occur
when only argon is passed through the plasma. Both reactions 
take place in the tail-flame'of the plasma, not in the plasma 
itself. In the BC1 -H system, the main reaction leads to solido . Z
boron although there may be a competitive reaction at high hydrogen
•atom concentrations to give BHC1 . In the system giving boron
z
carbide, methane appears to participate in two competing reactions, 
one ultimately leading to carbon via acetylene and the other 
leading to boron carbide. There is a side .reaction leading to. 
dichloroborane which was not studied in detail.
8) -The formation of dichloroborane as a by-product of reaction 
mixtures containing methane is takenas showing the role played
by hydrogen atoms in the reaction. Dichloroborane was also formed 
by reaction between boron trichloride and hydrogen when the hydrogen 
was passed through the plasma. Although hydrogen atoms will also 
be produced by the usual chain reaction with chlorine to form HC1, 
it is thought that this reaction will usually take place in the 
vicinity of a solid particle and that chain termination will therefore 
take place more readily than usual. The formation of dichloroborane 
indicates the presence of a source of hydrogen atoms (i.e. the 
decomposition of methane or the dissociation of hydrogen) not 
associated with the formation of a solid particle.
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F3 AND CHEMICAL CORPORATION, a 
Corporation organised and existing under the 
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5 of America, of 3075 Wilshire Boulevard, Los 
Angeles, California, United States of America, 
00 do hereby declare the invention, for which we 
pray that a patent may be granted to us, and 
the method by which it is to be performed, 
10 to be particularly described in and by the fol­
lowing statement: —
LQ This invention relates to a method of and 
apparatus for effecting a chemical reaction at 
high temperature. The invention provides an 
15 improvement in the invention described and 
claimed in the Complete Specification of our 
r-o} Patent No. 1,194,415, hereinafter called the 
main specification.
In the said main specification we described 
20 a method of effecting a chemical reaction 
between at least two reactants, which com- 
£{m prises continuously passing a stream of a gas 
which may include one of the reactants 
through a reaction zone, forming a plasma of 
25 the gas within the reaction zone by radio-fre­
quency coupling, feeding one reactant into the 
r, j plasma at a point downstream of the centre 
of the plasma in the direction of gas flow, 
feeding another of said reactants into said 
30 plasma-forming stream or into the formed 
plasma thereby forming a gas stream contain-. 
•;i: ing the product of high temperature reaction, 
and separating said product from the gas 
stream.
35 A particularly significant feature of this pro­
cess is that the plasma wherein the two reac- 
r tants undergo reaction at high temperature is 
a plasma formed by radio-frequency coupling, 
in the preferred form by induction coupling. 
40 Another significant feature is that the reaction 
takes place downstream of the centre of the 
. ' r plasma, that is to say, the two reactants are 
not fed together into the plasma forming zone 
and there heated by the induction heating to 
45 an ionizing temperature such that a plasma 
forms and reaction takes place. The plasma 
: : 1 \Price 25p]
may be formed from an ionizable gas and both 
reactants be fed into the plasma or may be 
formed from an ionizable gas together with 
one reactant or from one reactant alone, the 50 
other reactant then being fed into the plasma.
In the process described in the main specifi­
cation it is preferred ithat the reactant or 
reactants fed into the plasma is delivered at 
an angle to the axis of gas flow in a partly 55 
upstream direction. The apparatus provided by 
•the invention of the main specification is suited 
to this form of the process. Thus the invention 
of the specification provides apparatus for 
carrying out a high temperature reaction using 60 
an ionized gas which comprises a generally 
cylindrical dielectric reaction vessel having in­
let means for gas, a radio frequency induction 
coil surrounding a portion of said reaction ves­
sel downstream of the inlet means so as to de- 65 
fine therein a plasma-generating zone, and 
tubular inlet means for a reactant which means 
are arranged to deliver the reactant into the 
vessel along a path inclined to the axis of said 
vessel on the side of the induction coil remote 70 
from said gas inlet.
A further feature disclosed in the main 
specification is the cooling of the tail region 
of the plasma downstream of the zone in which 
the reaction occurs, which prevents reversion 75 
of the product to the starting material and is 
instrumental in controlling the particle size of 
the product.
According to the present invention there is 
provided a method of effecting a chemical 80 
reaction as claimed in specification No.
1,194,415 in which the reaction zone in which 
the plasma is formed is cooled during the reac­
tion by indirection heat exchange with a cool­
ant medium. 85
The present invention also provides appara­
tus as claimed in specification No. 1,194,415 
including means to present a coolant medium 
in indirect heat exchange relation with the 
plasma generating zone. 90
Preferably, the coolant medium is circulated 
in channels surrounding at least the plasma
generating zone. The channels may also extend panying drawing, which is an elevation partly
upstream and downstream of said zone, and in section of the reaction vessel,
may be provided throughout the length of the The apparatus includes a quartz tube 10
reaction tube. In particular, the zone wherein about two inches in diameter and one foot long,
5 reactant is fed into the plasma, and in which closed at one end by a quartz cap 12 integral
the reaction occurs can be cooled insofar as with the tube and open at its other end where
it is outside the plasma generating zone. it is connected to tapering glass tubes (not
The refrigerant medium may be water, and shown in this. drawing, since they are illus-
a fluorinated hydrocarbon has also been found trated in the main specification). An inlet port
10 suitable. 16 in cap 12 is connected by a line 18 to
This cooling step has the advantages of pro- a source of argon; the inlet port is arranged
longing the life of the reaction tube, which to deliver gas tangentially to the periphery of
is normally of silica, and which has previously the circular tube.
tended to crack under the conditions of the Downstream of the inlet port an induction
15. intense heat of the plasma and of the reaction, coil 20 surrounds the tube, coil 20 being con-
Another advantage of tlhe present invention is nected to a source of radio frequency power,
that the reaction is itself improved. Four circumferentially spaced ports 22 are
It is surprising that in a process which de- formed in tube 10 about 2 cm downstream
pends on the input of energy by radio-fre- of the last turn of coil 20. (The spacing be-
20 quency heating where economy of electric tween the coil and the ports can be varied
power is an important consideration there so as to vary the point in the plasma at which
should 'be any advantage gained by dissipating a feed admitted through ports 22 contacts the
heat into a coolant. However it is found that ionized gas, thus varying the temperature at
by withdrawing heat from the wall of the reac- which the reaction takes place and the rapidity
25 tion zone the formation of a crystalline product of cooling of the plasma). Ports 22 are con-
which would otherwise deposit on the lining nected to respective quartz tubes 24, each tube
Te of the zone is suppressed. A deposit of crystals 24 extending from its respective port axially
on the wall of the reaction zone tends to im- downstream of the reaction tube and radially
pede the flow of gases, with consequent diffi- outwards therefrom,-the angle between each •
30 culty of maintaining a stable plasma, and also quartz tube 24 and the reaction tube 10 being
absorbs radio-frequency energy with conse- in this embodiment 70°.
0 < quent danger of damage to the apparatus. Quartz reaction tube 10 is surrounded along
In one test elemental boron was made by most of its length by a glass sleeve 14 which
reduction of boron trichloride fed into a plas- is spaced from tube 10 so as to leave an annu-
35 ma formed by ionization of hydrogen by in- lar space. Sleeve 14 has an inlet 26 and outlets
duction heating, as described in the main 28 for coolant, the inlet being near cap 12,
specification while at the same time the quartz and the outlets near the downstream end of
wall of the reaction vessel surrounded by the tube 10. The apparatus is used as a plasma-
Induction coil and for a short portion down- generating induction furnace as in the main
40 stream was cooled by a surrounding water specification, and in use cooling water is
jacket. It was found that a strongly adherent passed continuously from inlet 26 to outlets
r*~ layer of boron crystals (which had previously 28 through the annular passage,
been observed when there was no cooling) did WHAT WE CLAIM IS: —
not form, the boron falling instead to the floor l.A method of effecting a chemical reaction
45 of the reaction vessel as a loose deposit of as claimed in Specification No. 1,194,415 in
amorphous boron. which the reaction zone in which the plasma
?x Another significant feature of our cooled is formed is cooled during the reaction by in­
plasma torch is that chemical reactions direct heat exchange with a coolant medium,
between solids and gases can be effected with- 2. A method according to claim 1, wherein
50 out severe erosion and chemical attack of the the zone wherein reactant is fed into the plasma
plasma-containing tube. The solid reactant can is also cooled during the reaction,
v. be introduced as a fine powder, preferably 3. A method according to. claim 1 or 2, in
1—10/t mean particle size, carried in a gas which the coolant medium is circulated in
stream into the plasma. This may be done channels surrounding at least the plasma gen-
55 directly via a water-cooled probe as in the erating zone.
main specification. The cooling of the plasma- 4. A method as claimed in claim 1, substan-
< 5 containing tube prevents build up of condensed tially as hereinbefore described.
solids, and thereby enables the plasma to be 5. Apparatus as claimed in specification No.
rim for substantial periods, i.e. 2—3 hours 1,194,415 including means to present a coolant
60 without chemical attack occurring between the medium in indirect heat exchange relation with
solid reactant and the silica or mechanical fai- the plasma generating zone.
i; • -lure due to differential thermal expansion be- 6. Apparatus according to claim 5, wherein
tween solid and silica. said means extend downstream of the plasma
Apparatus according to the invention will generating zone to the tubular inlet means for
65 now be described with reference to the accom- a reactant.
70
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3 1,288,913
7. Apparatus according to claim 5 or 6, in- trated in, the accompanying drawing, 
eluding channels for the coolant medium sur­
rounding at least the plasma generating zone. J. A. KEMP & CO.,
8. Apparatus according to claim 5, con- Chartered Patent Agents,
5 structed and arranged substantially as herein- 14 South Square,
before described with reference to, and as illus- Gray’s Inn, London WC1R 5EU.
Printed for Her Majesty’s Stationery Office by the Courier Press, Leamington Spa, 1972. 
Published by the Patent Office, 25 Southampton Buildings, London, W C2A ?.AY, from
which copies may be obtained.
1288913 COMPLETE SPECIFICATION
| I ^ j ,CpT This drawing Is a reproduction o f
} the Orig inal on a reduced scale
I
it
I
f
WO
SP
iP
PATENT SPECIFICATION ^  1 2 8 8 9 1 4
DRAWINGS ATTACHED
-■* n'N
Qti P Q-
pH (21) Application No. 51869/69 (22) Filed 22 Oct. 1969
CD (21) Application No. 24495/70 (22) Filed 20 May 1970
Q0  (23) Complete Specification filed 22 Oct. 1970 
Q0 (45) Complete Specification published 13 Sept. 1972 
W  (51) International Classification H05B 7/02
(52) Index at acceptance
H5H 2A2B 2kl
(72) Inventors STEPHEN MARK LESLEY HAMBLYN
JOHN EDMUND TROTTER 
ANTHONY PATRICK MONEY and 
IAN MALCOLM MACKINNON
(54) DISMOUNTABLE PLASMA TORCH
(71) We, UNITED STATES BORAX & inlet device for gas upstream of the induction
CHEMICAL CORPORATION, a Corpora- coil and a feed device for reactant downstream
tion organised and existing under the Laws of the induction coil, the inlet device and
of the State of Nevada, United States of feed device being of a non-brittle material
5 America, of 3075 Wilshire Boulevard, Los and being detachable from the tube. 50
Angeles, California, United States of America, Thus, if supply tubes for plasma forming
do hereby declare the invention for which gas or for reactant to the reaction tubes are
we pray that a patent may be granted to us, damaged they can.be more readily replaced,
and the method by which it is to be performed, This construction of separable parts facilitates
.10 to be _ particularly described in and by the access to the reaction tube for cleaning. 55
following statement:— Preferably, the inlet and feed devices are
-.This invention relates to apparatus for of a machinable material, which should be . -
effecting a high-temperature chemical reaction, non-ferromagnetic material as the gas heating •
namely a plasma torch. means is an induction coil. This prevents the./
15 In our British Patent Specification No. material being heated by electromagnetic 60.
1,194,415 we described a process for carrying induction. The preferred material for the inlet
out a high-temperature chemical reaction, e.g. and feed devices is brass. The machineability
between boron trichloride and hydrogen to and robustness of the inlet and feed devices
produce finely divided elemental boron, in renders them far easier to make and more long
. 20 which one gaseous reactant is ionized by indue- lasting than inlet and feed devices of quartz, 65
• tion heating to form a plasma and another Which are extremely fragile and difficult to 
generally gaseous reactant is fed into the manufacture.
plasma as that reaction takes place. In that The apparatus comprises as separable ele-
application we also describe apparatus for use ments, a gas inlet device, a quartz reaction
, 25 in the process which in essence is a quartz tube, and a reactant feed device. 70
’ tube surrounded by an induction coil, having The inlet device is suitably a cylindrical 
an inlet upstream of the coil for the gas to head of a robust, para-magnetic material such
be ionized and having a number of quartz as brass, having substantially the same radial
tubular inlets downstream of the coil through cross-section as the reaction tube, closed at
30 which the second reactant is introduced to the 0ne end by an integral cap, and bored to 75
plasma.  ^ _ provide at least one tangential entry port for
In our British Patent Application No. gas. Its open end can then be compressively
60164/68 (Serial No. 1,288,913) we describe urged into sealing contact, e.g. through a
an improved apparatus according to said compressible seal member with the upstream
35 earlier application, which is provided with end of the reaction tube. The head may be 80
a jacket through which a fluid cooling medium provided with an integral cooling jacket,
may be passed.  ^ The feed device is suitably an annular
We have now devised a novel plasma torch element of robust, para-magnetic material
which is an improvement in the torches des- such as brass, of internal cross-section sub-
. 40 cribed in those Applications. stantially the same as the radial cross-section 85
According to the present invention there is 0f the reaction tube. This too can be corn-
provided a plasma torch including a tube pressively urged into sealing contact with the
of heat resistant material surrounded by an open downstream end of the reaction tube,
induction coil for heating a gas flowing This annular element is bored to provide at
45 through the tube so as to ionize the gas, an least one inlet passage for reactant, and prefer- 90
[Price 25p]
ably has a number of such passages circum- of the head. A flange 25 is provided around
ferentially spaced and radially inwardly the upstream end of the inner member below
directed. There may be more than one such the inlet ports, the flange 25 extending radially
annular element, for the entries of different outwardly from the inner member and being
f> reactants. The or each annular clement may returned upstream of the brass disc. The outer 70
. be provided with passages for coolant, either face 26 of the returned portion of the flange
by having an integral jacket or, preferably, by 25 is threaded to co-operate with a brass
the presence of a cooling passage formed in cap 27 which is apertured to receive a centr-
thO solid rhaterial from which the annular ally located conduit 28 for gas and which,
10 dement is shaped. together with the inner member, disc and 75
Iii order that the invention may be more flange 25, defines a manifold 29.
clearly understood, the following descrip- A cylindrical brass jacket 30 is welded to
tion is given, merely by way of example, flanges 22 and 25 and contains a downstream
with reference to the accompanying drawings, inlet port 31 and an upstream outlet port 32
15 in which: for coolant water. 80
FIGURE 1 shows a-longitudinal section A base assembly, indicated generally at
through a plasma torch, the components being 33 and shown in detail in Figures .3 and 4
shown detached from each other in position is provided to seat on the downstream end
for assembly; of the tube. A brass annular base 34, having
20V FIGURE 2 shows a transverse section of in its upstream surface a central recess 35 to 85
a head of the torch taken along AA1 provide a concentric circular housing for
FIGURE 3 shows a plan, viewed from the tube assembly, contains a concentric
upstream, of the first base; and circular manifold 36; manifold 36 communi-
FIGURE 4 shows a plan, also viewed from, cates with the exterior of the bases via two
25 upstream, of the second base. diametrically opposed gas inlets 37 and com- 90
In FIGURE 1 there is shown a cylindrical municates with an internal passage 38, (which
quartz tube 10 which is surrounded by a is aligned with the interior of tube 10) via
cylindrical quartz jacket 11 joined to the eight passages 39, which are equi-angularly
tube by a flange 12 which extends radially disposed about the inner circumference of the
30 outwardly from the downstream end of the manifold and extend radially inward from 95
tube. Interposed between the tube and the the manifold, being cranked to enter passage
jacket is a cylindrical quartz baffle 13, extend- 38 at discharge port 40, directed towards the
ing upstream beyond the jacket and down- head at an angle to the axis of the tube. It
... stream substantially, to the flange. The baffle may, alternatively, be directed in another
.35 is joined circumferentially to the-tube at its direction. The base also contains upstream a 100
upstream end 14 and the jacket is joined concentric circular duct 41 into which an inlet
circumferentially to the baffle at its upstream passage 42 and a diametrically opposed out-
end 15. The jacket has near its upstream let passage 43 pass; duct 41 is used as a
end a conduit 16 for the admission of coolant cooling channel. Further inlets 37A may be
40 water to the cooling channel 17 formed provided aligned with each of the eight pass- 105
between the jacket and baffle; and the baffle ages 39, to provide access thereto. These inlets
has near its upstream end a conduit 18 for will of course be closed while the torch is
the exit of coolant water from a cooling working.
channel 17A formed between the baffle and Base 34 is, in turn, on a second brass
45 the reaction tube, the two cooling channels annular base 44 which contains a downstream 110
being in communication at their downstream concentric circular manifold 45 communicat-
ends. The assembly of tube, baffle and jacket ing with two diametrically opposed secondary
is surrounded by a radio frequency induction gas inlets 46 and leading into a central annular
coil 19. In the position of operation the coil orifice 47 by means of eight passages 48* equi-
'50 is fixed in an operating bay (not shown) and angularly disposed about the inner circum- H5
the assembly can be slid into the coil or ference of the manifold and extending radially
removed therefrom as necessary. inward from the manifold, being cranked to
A gas injection head, indicated generally enter the orifice at discharge port 49, directed
at 20, is provided to mate with the upstream towards the head at an angle to the axis of
55 end 14 of the tube. An inner cylindrical brass the tube. The second base also contains four 120
member 21 of the head, substantially the same solids feed pipes 50, each leading from the
•diameter as tube 10, is provided with a flange periphery of the base to the annular orifice
22 which extends radially outwardly at its and being equi-angularly disposed about the
downstream end and with a brass disc 23 circumference of an annular orifice.
'60 which closes its upstream end. Four gas inlet To assemble the apparatus of this invcn- 125
ports 24, equally spaced from the brass disc tion, ring 34 is urged against ring 44 in the
and equi-angularly disposed about the circum- position shown in Figure 1 with gasket 51
ference of the inner member are formed in interposed. Tube 10 with its associated water
the inner member, being directed to admit jackets is similarly urged against ring 34,
65 gas substantially at a tangent to the interior being received within recess 35 and spaced 130
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from the ring by the gasket 52, and the head 
20 is urged in the position shown in Figure 1 
against the upstream end of tube 10, a gas- 
tight seal being formed by the interposed 
5 O-ring 53. The assembled apparatus is held 
in position by clamps which urge head 20 
towards ring 44, and is connected to and 
aligned with a downstream tube, which may 
be glass, which forms a reaction zone and 
10 down which product is carried.
In use of the apparatus, gas to be ionised, 
e.g. an argon-hydrogen mixture is delivered 
through inlet 28 into head 20 and then passes
through the tube 10, being ionised to form a
15 plasma when passing through the tube within 
RF coil 19. A reactant to be reacted with 
the plasma is fed into the downstream end 
of the plasma through one or both of the 
rings 34, 44. For example, boron trichloride 
20 gas may be fed through inlet 37 or through
inlet 46. If it is desired to react a solid
reactant, this is suitably delivered through 
inlet 50. One may, for example, make ele­
mental cobalt by blowing cobalt chloride (III) 
25 as a solid powder suspended in argon gas 
into a hydrogen plasma. The operation of a 
chemical process in apparatus of the sort 
described in the present application is more 
fully described in our British Specification 
30 1,194,415.
During use of the apparatus it is cooled 
by passage of a' refrigerant, e.g. water, 
through cooling channels 32, or 18, or 41. The 
product of the reaction may be deposited on 
35 the walls of the apparatus as a fine powder,. 
or may be carried by unreacted gases out of 
the apparatus into the removal conduit and 
thence to separation apparatus such as a bag- 
filter after which the gases are washed. Being 
40 made of separable parts the apparatus can
readily be undone to permit removal of de­
posited powder product and to permit clean­
ing. As parts of the apparatus are more 
robust than quartz there is less danger of 
45 damage to the coolant tubes or to the inlet
means for reactant, and if there is damage 
then the damaged detachable part can be 
replaced without having to replace the entire 
apparatus.
50 Solid. and non-volatile substances may be 
evenly introduced for reaction, in a stream 
of carrier gas. The particle size of such solid 
substances is not critical, but a lower range 
of particle size is desirable so that uniform 
55 heating will be obtained.
WHAT WE CLAIM IS: —
1. A plasma torch including a tube of heat 
resistant material surrounded by an induction 
coil for heating a gas flowing througli the tube 
60 so as to ionize the gas, an inlet device for
gas upstream of the induction coil and a feed
device for reactant downstream of the induc­
tion coil, the inlet device and feed device 
being of a non-brittlc material and being 
detachable from the tube. 65
2. A torch according to claim 1 wherein 
the inlet and feed devices are of a machine- 
able material.
3. A torch according to claim 1 or 2, 
wherein the inlet and feed devices are of 70 
brass.
4. A torch according to claim 1, 2 or 3, 
wherein the feed device comprises at least . 
one ring having an annular internal channel,
at least one inlet to the channel from the 75 
exterior of the ring, and one or more dis­
charge ports from the channel opening at 
the interior of the ring.
5. A torch according to claim 4 where­
in the discharge ports open in a direction 80 
inclined to the axis of the ring.
6. A torch according to claim 5 where­
in the discharge- ports open in a direction 
towards the inlet device.
7. A torch according to claim 4, 5 or 6, 85 
wherein there are two or more discharge 
ports equi-angularly spaced around the ring.
8. A torch according to claim 4, 5, 6 
or 7, wherein the ring has an internal 
annular coolant channel closed to the torch 90 
and having an inlet and an outlet.
9. A torch according to any one of claims 
1 to 8, wherein the feed device has one or 
more radially directed inlets from the. exterior
to the interior thereof. 95
10.- A torch according to claim 9 wherein 
there are four radially directed inlets equi- 
angularly spaced.
11. A torch according to any one of claims
1 to 10 wherein the inlet device has a gener- 100 
ally cylindrical portion, closed at its upstream .
end, said portion having at least one tangential 
entry port to its interior.
12. A torch according to claim 11 wherein 
there are four such entry ports equi-angularly 105 
spaced in such cylindrical portion.
13. A torch according to claim 11 or 12 
wherein the or each entry port communicates 
with a chamber defined by the closed end
of the cylindrical portion and a cap sur- 110
rounding the closed end, the cap having an 
inlet.
14. A torch according to claim 11, 12 
or 13 wherein the cylindrical portion is at least 
partly surrounded by a coolant jacket having 115 
an inlet and an outlet.
15. A torch according to any one of the 
preceding claims wherein the tube is at least 
partly surrounded by a jacket with an inlet
and an outlet. 120
16. A torch according to any one of the 
preceding claims including a gasket between 
each detachable device and the torch.
17. A torch according to any one of the
2
4 1,288,914
preceding claims wherein the tube is of quartz. J. A. KEMP & CO.,
18. A plasma torch substantially as herein- Chartered Patent Agents,
before described with reference to and as 14 South Square, Gray’s Inn,
illustrated in the accompanying drawings. London, WC1R 5EU.
5  Printod for Hor Majesty's Stationery Office, by the Courier Press, Leamington Spa, 1972.
; Published by Tho Patont Office, 25 Southampton Buildings, I^ondon, "WC2A 1 A Y , from
•  ^ which copies may bo obtained.
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(72) Inventor IAN MALCOLM MACKINNON
. (54) HIGH TEMPERATURE APPARATUS
(71) We, United States Borax & of the inlet and outlet. Preferably the elec- 
Chemical Corporation, a Corporation trical connections are comprised by tubular
organized and existing under the Laws of connectors for conducting coolant flow to
the State of Nevada, United States of the inlet and outlet.
5 America, of 3075 Wilshire Boulevard, Los. The cooling jacket may or may not in- 50
Angeles California, United States of elude a cylindrical baffle effectively dividing
America, do hereby declare the invention it into two parts. The jacket may be made of
for which we pray that a patent may be the same material as the tube or of a differ-
1 granted to us, and the method by which it ent material. A suitable material for the
is to be performed, to particularly described tube itself is quartz, and if spectroscopic 55
in and by the following statement:— examination of a plasma generated in the
This invention relates to apparatus for tube is required then both the tube and the
carrying out high temperature chemical cooling jacket are. preferably of quartz be-
reactions. cause it is transparent. If spectroscopic ex-
15 In our co-pending cognated British Patent amination is not necessary then the jacket 60 
• Applications Nos. 51869/69 and 24495/70 --can .be made from a non-conducting 
(Serial No. 1,288,914), we describe appara- material, suitably one whioh is resistant to
tus for oarrying out high temperature ultra-violet radiation such as nylon, poly-
chemical reactions which comprises as tetrafluorethylene or borosilicate glass.
20 separable elements a gas inlet device, a Positioning of the coil within the cooling 65
. tube of a heat resistant material and a jacket provides an improved electrical
reactant feed device. The inlet and feed efficiency in heating gas flowing through
devices are located respectively up and the tube because the coil closely approaches
downstream of a heating means in the form the tube in diameter. The coil may be so
25 of a coil surrounding the tube. An optional located as to be immersed in coolant in use 70
•... feature of the apparatus described in those of the apparatus.
applications is a cooling jacket surrounding In preferred forms the jacket is closed
at least a part of the tube and having an at its ends by detachable annular end parts
inlet and an outlet for coolant. with ring seals between these parts, the tube
30 According to the present invention there and the jacket. When the jacket is made 25 
is provided apparatus for carrying out high removable this allows particularly easy dis-
temperature chemical reactions including a mantling of the apparatus for cleaning or
tube of heat resistant material, a heating replacement, as the tube can simply be
means in the form of an induction coil dis- Withdrawn from the coil and jacket.
35 posed about the tube, a jacket fo.r a coolant In a preferred form the inlet and the 80
surrounding the induction coil and at least feed devices are of a machinable material,
in part the tube, an inlet device for ga.s only which may suitably be non-ferromagnetic
upstream of the jacket and a feed device so that induction heating of them is avoided, 
for reactant downstream of the jacket, both A suitable material is brass. In such a device 
40 the inlet device and the feed device being the inlet and feed devices may also serve 85
of a non-brittle material and being detach- as the end parts referred to above which
able from the tube. close the jacket ends.
The jacket preferably has a separate inlet The inlet device may have a generally
and outlet for coolant to be circulated and cylindrical portion closed at its upstream
45 electrical connections to the coil at each end and having at least one tangential entry 90
[Price 33p]
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port to its interior. Suitably, there are four 
such entry ports equiangularly .spaced in the 
cylindrical portion and they may lead into 
the cylindrical portion from an annular 
5 chamber surrounding it which has a single 
inlet.
The reactant feed device may also be 
generally cylindrical, and can have at least 
one entry port to its interior. The port can 
10 lead directly to the interior or can com­
municate with an annular channel within 
the device. In one suitable form ports open 
into the interior of the device in an up­
stream direction in an angle to the axis of 
15 the tube.
With the coil located within the jacket, 
the inlet and feed devices are not expected 
to be heated to such an extent during opera­
tion that independent cooling means are 
20 required for them. As with the constructions 
, of cur earlier cognated applications men­
tioned above, if detachable, inlet and feed 
devices are provided then the assembly - is 
readily dismantled for cleaning and repairs. 
25 In order that the invention may be more 
clearly understood, the following description 
is given, merely by way of example, with 
reference to the accompanying drawing in 
which the sole figure is an exploded cross 
30 section of one form of apparatus according, 
to the invention for carrying out high tem­
perature chemical reactions.
In the drawing there is shown a tube 10 
surrounded by a jacket 11 for coolant with- 
35 in which is located, a coil 13 which fits’in 
the annular space 14 between the jacket and 
the tube. There are two openings which 
can be fitted with tubular power and coolant 
connectors 12, and the coil 13 is provided 
40 with connection pieces 15 to co-operate with 
these. The coolant is suitably water. A gas 
inlet device 30 is provided above the tube 
as shown in this exploded view, to fit over 
the upper ends of both the tube and the 
45 jacket and to be sealed thereagainst by 
appropriate 0-rings 33. There is shown a 
single tangential gas inlet tube 31 with an 
inlet opening 32, but more than one. tube 
and opening could be provided.
50 A similar arrangement exists at the lower 
end of the tube as shown where there is a 
reactant feed device 20 to contact, via seal­
ing rings 21, and the outer faces of the 
tube 10 and the jacket 11. In the particular 
55 form shown the reactant feed device 20 
has an annular channel 23 connected to an 
inlet 22 and there are feed holes or inlets 
24 to the centre of the device which project 
upstream and at an angle to the axis of 
60 the tube.
In use of the device, a gas to be ionized 
is passed through the inlet device 30 and 
down the tube where it is heated to form 
a plasma. Reactant may be added to the 
65 so-heated gas in the zone of the reactant
feed device 20, and reaction takes place in 
or slightly downstream of that device. The 
reactant may be in solid or fluid form, and 
it is also possible to entrain reactants in 
solid form with the gas passed in through 70 
the inlet device 30.
The inlet and reactant feed devices may 
be simply removed from the tube and jacket 
for the purposes of cleaning and replace- 
ment and the tube can then be drawn out 75 
from within the coil and jacket. The 
arrangement is advantageous insofar as it is 
expected that only the actual tube 10 need 
be of a heat resistant brittle material such 
as quartz so that the fragile parts of the 80 
apparatus are reduced to a minimum.
The present invention is a modification 
of the invention claimed in our British 
Patent No. 1,288,914, claim 1 of which is 
directed to a plasma torch including a tube 85 
of heat resistant material surrounded by an 
induction coil for heating a gas flowing 
through the tube so as to ionize the gas, an 
inlet device for gas upstream of the induc­
tion coil and a feed device for reactant 90 
downstream of the induction coil, the inlet 
device and feed device being of a non- 
brittle material and being detachable from 
the tube.
. A subsidiary feature of the said plasma 95 
torch is that the feed device comprises at 
least one ring having an annular internal 
channel, at least one inlet to the channel 
• from -the exterior- of the- ring, and one or - - 
more discharge portions from the channel 100 
opening at the interior of the ring. Addition­
ally, the ring has an internal annular cool­
ant channel closed to the torch and having 
an inlet and an outlet.
WHAT WE CLAIM IS:— 105
1. Apparatus for carrying out high tem­
perature chemical reactions including a 
tube of heat resistant material, a heating 
means in the form of. an induction coil dis­
posed about the tube, a jacket for a coolant 110 
surrounding the induction coil and at least
in part the tube, an inlet device for gas 
only upstream of the jacket and a feed 
device for reactant downstream of the 
jacket, both the inlet device and the feed 115 
device being of a non-brittle material and 
being detachable from the tube.
2. Apparatus according to claim 1,
wherein the jacket is removable from the 
tube. 120
3. Apparatus according to claim 1 or
2, wherein the jacket is provided with a 
separate inlet and outlet for the circulation 
of coolant therethrough, electrical connec­
tions to the coil being provided at each of 125 
the inlet and outlet.
4. Apparatus according to claim 3.
wherein the electrical connections are com­
prised by tubular connectors for conducting 
coolant flow to the inlet and outlet. 130
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5. Apparatus according to any preced­
ing claim, wherein the coil is so located as 
to be immersed incoolant in use of the 
apparatus.
5 6. Apparatus according to any preced­
ing claim, wherein the cooling jacket in­
cludes an internal cylindrical baffle.
7. Apparatus according to any preced­
ing claim, wherein the tube is of quartz.
10 8. Apparatus according to any preced­
ing claim, wherein the jacket is of quartz.
9. Apparatus according to any one of 
claims 1 to 7, wherein the jacket is of an 
electrically non-conducting material resist-
15 ant to ultra-violet radiation.
10. Apparatus according to claim 9, 
wherein the jacket is of nylon, polytetra- 
fluoroethylene or borosilicate glass.
11. Apparatus according to any one of
20 claims 1 to 10, wherein the inlet and feed
devices are of a machinable non- 
ferromagnetic material.
12. Apparatus according to claim. 11,
wherein the inlet and feed devices are of 
brass. 25
13. Apparatus according to any one of
claims 1 to 12, wherdin the inlet and. feed
devices .respectively comprise detachable 
annular end parts each engaging both the 
tube and the jacket; 30
14. Apparatus for carrying out high
temperature chemical reactions constructed 
and arranged substantially as hereinbefore 
described with reference to and as illus­
trated in the accompanying figure. 35
J. A. KEMP & CO.,
Chartered Patent Agents,
14, South Square,
Gray’s Inn, London, W.C.l.
Printed for Her Majesty’s Stationery Office by The Tweeddale Press Ltd., Berwick-upon-Tweed, 1975. 
Published at the Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from which copies
may be obtained.
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APPENDIX B
Calculation of a and c lattice parameters
From determinations of the d (021) and d (104) lattice spacings, 
the a and c lattice parameters of boron carbide can be calculated. 
The figure below represents part of the hexagonal lattice of 
boron carbide (i.e. the a and b axes are at 120° to each other)
a|b
Let d = d (104) and d' = d (021)
From the above figure, we can obtain 
4d a cos 30
+ (a cos 30)2
and
2 d - ^ cos
b
o h)
(32)
From equation (33),
« ,2 2 b2 2
2 4 d' (c + —  cos 30)
c =  4
(b cos 30)2
/ 2 2 2 / 2  2 
4 d c + b d cos 30
2 2 
b cos 30
o 2 / 2  2
so c = b d cos 30
2 2 / 2 
• b cos 30 - 4d
From equation (32),
2 2 2 
16 d _ a cos 30
2 *~2 2 2 
c c_ + a cos 30
16
2 2 2 2 2 2 2 2 
d c + 16a d cos 30 = a c cos 30
2 ^  2 2 2
or c = 16 a d cos 30
. 2 2 2
a cos 30 - d
substituting into equation (34), and since in a hexagonal lattice 
a = b,
. 2 2 2 2 /2 / 2 2 2 2 /2 
. . 16d a cos 30 - 64 d d = d a cos 30 - d d
i.e. a =
2 / 2  \ h
63 d d \2
2 2 / 2 2 
,16d cos 30 - d cos 30V
—  (34)
APPENDIX C
Newton’s Law of Cooling
If the rate of heat loss of a gas flowing through a tube 
of constant cross-sectional area is given by Newton’s law of 
cooling, expressions relating the gas temperature, gas velocity, 
time and distance travelled.
The temperature T at time t of a gas cooling from an 
initial temperature Tq to room temperature (300K ) is given by
(T - 300) = (T - 300) e 
o
“kt  (11)
v V T
1 = 1 =  1
where k is the cooling rate constant. ~
The velocity of the gas will be proportional to its volume and
therefore to its temperature 
i.e.
'2 2 "2 
where v ’s are velocities and-V's are volumes.-
If the velocity at 300 K  is v* , the velocity v at temperature
T is given by
v = Tv'
300
substituting for T in equation (11), an expression for the distance x 
travelled by the gas stream in cooling from TQ to T can be obtained,
v = = v
dt
Integrating,
dx = —
300
/
* J [ T - 300 ) 
300 | \ ° '
T “ 300
1A°
-kt 1
e + 300 j
-kt
+ 30o| dt
x; =- v
300
- (T - 300\ -kt 
' o ' e + 300t + const.
k
when t = o, x = o
v I T - 300
s° const. = —  ( o
. , J / t - 300 \  f , -kt\
or x = v { I _o  J I 1 - e I + t > ---(35)
300 k / V /
Now, from equation (XI),
-kt T - 300
I
T t  300 
o
1 n / T “ 300 \ • and t = —  In / o_______ I
\T - 300) 
substituting into equation (35)
x = ^  I (To ~ T U  In f T o ' 3 ° °  11  (36)
300 ' ‘ T - 300
The time interval A t  taken for the gas stream to cool from T_ 
to T, is independant of Tq ,
-kt
i.e. (T2 - 300) = (Tq - 300) e
(T, - 300) = (T - 300) e "k (t + A t )
1 o
whence A t  = ~  In / T2 ~ 300\ ___(37)
y t x - 300y
These expressions can be used to calculate cooling rate 
constants, temperature profiles and times required for cooling 
from the experimental results.
In the present work, the tube diameter was 5 cms, from which 
the gas velocity v-1 at 300 K is given by ^
vv = V x 300 x 1000■
- 273 x /I (2.5) 60
= 0.9328 x V cms/sec
where V is the total reactant flow rate in litres/min at N.T.P.
Spectroscopic results (Section 5.2.)
In Section 5.2. it was suggested that the gas stream
cooled from 2500 K to 1200 K in 10.5 cms. The spectra were taken
of a plasma operating on 100 gms/min boron trichloride at a
CH/BC1 molar ratio of 0.25. The total reactant fiow rate at 
4  o
N.T.P. was therefore
x 22.414 x 1.25 = 23.89 litres/min.
117.3 •
from which V =22.28 cms/sec.
Substituting into equation (36),
/ /  2500 ~ 1200 \ + in (2500 - 300\ 
| \ 300 / \1200 - 300/
k = 11.09 sec 1
Boron particle growth (Section 5.4.1)
The cooling rate constant of the gas stream in which boron
particles form by condensation of boron vapour is calculated by
substituting the appropriate value into equation (37).
Thus if At = 4.99 x 10 4 secs, T = 2500 K., T_ = 1900 k ,
« 1
k = 1 12500 - 300 \
4.99 x 10 ^1900 - 300/
k = 638.18 sec"1 ^
The temperature profile tabulated on p.195 can now be obtained by 
substitution into equation (36), assuming a flow rate of 100 lit/min 
at N.T.P.
Cooling rate constant from Hamblyrrs data (33)
From thermodynamic equilibrium considerations, Hamblyn 
considered that the gas stream cooled from 2400K at x = 0 cms 
to 1050 K at x = 40 cms. The total gas flow rate for these runs 
was 86 lit/min at N.T.P., so by substitution into equation (36)
k = 0.9328 x 86 J 7 ,2400 105o\ -t- In 72400 - 30p\ |
40 ^  300 ) \1050 - 300/1
k = 11.09 sec
Boron particle growth by C
The cooling rate constants
by substitutingAt = T , T = T . 
 ^ n 2 cond
V.D.
given in Table 5.4. were obtained
and T, = T into equation (37). 1 max
J
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A B S T R A C T
The increasing demand for finely powdered boron carbide together w ith  
the rap id ly  rising cost of this m ateria l has stimulated research into alternative  
methods fo r its production. W hen boron trich loride is reacted w ith  m ethane- 
hydrogen m ixtures in  a radio frequency argon plasma, boron carbides of v a ri­
able B /C  ratios are obtained as submicron powders, the product stoichiometry 
depending on the reactant composition. This reaction has been studied over a 
range of reactant compositions and flow rates to obtain inform ation about the 
reaction mechanism involved and the growth of particles from  the gas phase. 
The amount of reaction taking place and the product stoichiometry have been 
determ ined as functions of the reactant stoichiometry and flow rate using a fac­
torial experim ental design. The products obtained w ere studied by x -ra y  d if­
fraction analysis to determ ine any changes in  crystal structure w ith  composi­
tion. I t  was found that the B /C  m olar ratio  of the products varied lin early  w ith  
the B /C  m olar ratio  of the reactants, was unaffected by the H2/BCI3 m olar ratio  
(fo r H2/BCI3 >  1) and aecreased as the reactant flow rate increased. X -ra y  d if­
fraction analysis of the products revealed that the lattice parameters of the 
crystalline m ateria l decreased lin ea rly  as the carbon content increased up to 
the composition B4C. Samples containing excess carbon over the composition 
B4C showed the presence of free graphite, w hile  most of the samples w ith  a 
carbon content of less than 13.6% (corresponding to B7C) also showed the pres­
ence of /3-rhombohedral boron, the product obtained in  the absence of methane. 
Line broadening measurements suggest that the crystallite sizes of both the 
boron carbide and /3-rhombohedral boron lie  in  the 200-300A range.
Boron carbide films have been produced by the reac­
tion between boron trich loride and methane on an in ­
duction-heated graphite substrate (4) and by the re ­
action between B C I3 / H 2  (1 :1 ) m ixtures containing 2  
volume per cent (v /o )  toluene (5 ). The use of B C I3 /  
CH4/H2 m ixtures has been w idely  investigated (6-10) 
and B B r3 /C H 4 / H 2  m ixtures have been used to deposit 
B 1 3 C2  crystals onto a boron n itride substrate (11 ). P a t­
ents have been issued covering the deposition of boron 
carbide films from  B C l3 /C 3 H 8  m ixtures in  an electrical 
discharge (12 ), B C I3 /C H 4  m ixtures (13) and B C I3 /  
C H 4 / H 2  m ixtures (14, 15). The preparation of boron  
carbide powder by reaction of B C I3 /C H 4  m ixtures in  a 
hydrogen plasma je t is covered by one patent (16 ). 
The product form ed is said to have a mean particle  
diam eter of 0.02 /im.
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Fig. 1. Boron carbide selling price as a function of particle size 
(U.K. prices, 1974).
Boron carbide has a combination of physical, e lectri­
cal, mechanical, and nuclear properties w hich have re ­
sulted in  its being used in  such diverse applications as 
control rods for nuclear reactors, arm or plating, elec­
trodes, and shot-blast nozzles. In  most cases the boron 
carbide is fabricated by being hot-pressed in a mold. 
The process requires careful control over the particle  
size range in  the powder. W here the m axim um  density, 
hardness, and surface finish are im portant, the use of 
fine powder ( <  5 pm) reduces processing costs and im ­
proves product quality. Because boron carbide is so 
hard, its comm inution by conventional techniques e.g., 
b a ll-m illin g , is expensive and usually leads to a prod­
uct contaminated w ith  iron from  the grinding process. 
Figure 1 shows how the cost of com m ercially available  
boron carbide varies w ith  particle size.
A n  r f  plasma torch has recently been used in  this 
laboratory to produce pure boron (1, 2) and the tech­
nique has now been extended to boron,carbide. The re ­
sults of some early experiments have already been 
published (3 ) . In  this paper we describe fu rth er w ork  
on the reaction between boron trichloride, methane, 
and hydrogen and the nature of the product obtained. 
The reaction, represented by the equation
4BC13 +  C H 4 +  4H 2 -* B 4C +  12HC1
has been studied over a range of reactant compositions 
and flow rates in  order to obtain inform ation about the 
reaction mechanism and the grow th of particles from  
the gas phase.
The production of boron carbide by reaction of boron 
trich loride w ith  a hydrocarbon or hydrogen/hydrocar­
bon m ix tu re  is w e ll known. W here the interest has been 
in  the preparation of protective coatings, chemical 
vapor deposition techniques have been used to produce 
boron carbide films on a varie ty  of substrates including  
graphite, tungsten, tantalum , m ullite , silica, m olyb­
denum, and boron nitride.
K ey  w o rd s: bo ron , carb ide , p lasm a, m echan ism , s tru c tu re .
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Apparatus and Procedure
A  diagram  of the apparatus is shown in  Fig. 2. The  
plasma torch consisted of a w ater-jacketed  silica tube 
50 m m  ID  x  70 m m  OD X 200 m m  long fitted w ith  a 
tangential in le t at one end fo r the p lasm a-form ing gas. 
The torch was sealed to a w ater-cooled brass ta il ring  
through which reactants w ere introduced to the plasma 
tail-flam e. The products w ere passed down a w a te r-  
cooled brass quench tube 50 m m  ID  x  1500 m m  long 
and through a glass-fiber b ag -filter w hich retained the 
boron carbide powder. The waste gases w ere passed up 
a scrubbing tow er to remove acid by-products before 
being released to the atmosphere. Pow er fo r the plasma 
was supplied by a Radyne R D  300 0-30 k W  r f  generator 
operating at a frequency of 2-5 M H z.
Boron trich loride was produced on site by the in te r­
action of chlorine w ith  commercial grade boron car­
bide, its p u rity  being determined by IR  spectroscopy 
and observations of its color. The m ain im p u rity  de­
tected spectroscopically was hydrogen chloride [ <  0.5 
weight per cent ( w /o ) ] ;  the absence of any color in  
the liqu id  indicated that it  was free from  iron and 
low er boron chlorides. M ethane (C.P. grade) was sup­
plied by B ritish  Oxygen L im ited, argon and hydrogen 
(comm ercial grades) w ere supplied by A ir  Products 
Lim ited.
The plasma was in itia ted  in  argon but could be run  
on boron trich loride or argon/boron trich loride m ix ­
tures as required. To m aintain  the m axim um  coupling 
efficiency of the generator to the plasma adjustments to 
the size of the inductance coils w ere made to match 
the resistive load of the different plasma gases used. 
Boron trich loride (bp 12.5°C) was vaporized in  a sim­
ple coil heat exchanger immersed in  a w ater bath at 
80°C before being m ixed w ith  the other reactants.
A fte r each run  a sample of the product form ed was 
degassed in vacuo to remove adsorbed BCI3 w hich  
would otherwise have hydrolyzed on exposure to the 
atmosphere and contaminated the product w ith  boric 
acid. The upgraded products w ere analyzed fo r total 
boron, carbon, and w ater-soluble boric oxide contents. 
The x -ra y  diffraction pattern  of each sample was deter­
m ined on a Philips 1050 goniometer using CuK  a rad ia ­
tion.
Experimental Results
The reaction between boron trich loride and methane 
was carried out in  the absence of argon and hydrogen  
by addition of methane to the ta il-flam e of a boron t r i ­
chloride plasma. A  plasma pow er of 28 k W  w ith  a 
boron trichloride flow rate of 1 0 0  g /m in  was used
Plasma Apparatus
Plasma torch
RF coil
Tail feed ring
Argon
 ► Water out
Quench tube
coil
Gas exit
— >• Water out 
■—  ReactantsReactants   \ 1'  / ts filter
Plasma Reactor Detail
Collection pot
throughout this section of the w ork, w ith  methane be­
ing added in amounts giving C H 4 /B C I 3  m olar ratios of
0.125-0.750. In  a ll cases it  was found that the product 
contained a higher proportion of carbon than indicated  
by the equation
4BC13  +  3C H 4  [B 4 C 3 ] +  12HC1
the stoichiometry of w hich predicts a carbon content of
45.4 w /o . Equations of other stoichiometries predict the  
form ation as by-products of either chlorinated hydro­
carbons or chloroboranes fo r products that are boron- 
rich or carbon-rich respectively re la tive  to [B4C3]. The  
gaseous reaction products w ere analyzed by IR  spec­
troscopy and gas chromatography and found to con­
tain  appreciable amounts of hydrogen and dichloro- 
borane, B H C I2 , in  addition to hydrogen chloride and 
unreacted boron trichloride. W hen boron trich loride  
was reduced w ith  hydrogen alone, i.e., in  the absence 
of methane, dichloroborane was not formed.
In  Fig. 3 and 4 the conversions of boron trich loride  
and methane respectively to solid product are plotted  
as functions of the reactant composition. I t  was found  
that the boron trich loride conversion was proportional
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Fig. 3. BCI3 conversion vs. (CH4/BCI3) molar ratio. Reaction car­
ried out in the absence of argon and hydrogen. Plasma power, 
28 kW ; BCI3 flow rate, 100 g/min.
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Figure 2
Fig. 4. CH4 conversion vs. (BCI3/C H 4) molar ratio. Reaction 
carried out in the absence of argon and hydrogen. Plasma power 
28 kW, BCI3 flow rate 100 g/min.
808 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY June 1975
to the CH4/BCI3 m olar ratio  for CH4/BCI3 <  0.35 and 
tended to a m axim um  of about 35% at h igher methane  
concentrations. The methane conversion decreased 
lin ea rly  w ith  the BCI3/CH4 m olar ratio  over the range  
of experim ental conditions investigated.
The reduction of boron trich loride by C H 4 / H 2  m ix ­
tures was carried out under constant reactor conditions 
by feeding a m ixtu re  of the reactants into the ta il-flam e  
of a 20 k W  argon plasma (argon flow rate 40 lite rs / 
m in ) . The effect of vary ing  the composition and 
throughput of the reactants was investigated by means 
of a 3 x  3 X 6 factoria l experim ent in  w hich the three  
variables and their values were:
BCI3 flow rate (g /m in )  
H2/BCI3 m olar ratio  
CH4/BCI3 m olar ratio
2 0 , 60, 1 0 0  
1, 4, 8
0, 0.05, 0.063, 0.083, 0.125, 0.25
Thus eighteen d ifferent compositions w ere each re ­
acted at three different flow rates. The upper lim it  to  
the CH4/BCI3 m olar ratio  was chosen as that value  
w hich yielded a product containing carbon in  excess of 
B4C; x -ra y  analysis showed that such products usually  
contained free graphite.
The product from  each run  appeared as a lig h t fluffy  
powder containing sm all compacted flakes. These flakes 
broke up read ily  on passage through a coarse mesh 
sieve (250 /tm aperture) to give a free-flow ing  powder. 
The products ranged in  color from  brow n fo r plasma 
boron through gray to black for products w ith  a high  
carbon content. The product was usually found to con­
ta in  a sm all amount (1-2  w /o )  of boric oxide. This was 
believed to be due either to hydrolysis of borori t r i ­
chloride w hich the upgrading process had failed  to re ­
move, or to the presence of a ir rem aining after the ap­
paratus had been flushed w ith  argon before each run. 
The boron carbides prepared by the reaction of boron 
trich loride and methane alone also contained boric 
oxide, indicating that the argon and hydrogen w ere not 
sources of oxygen. The amount of boron present as 
boric oxide was subtracted from  the total boron con­
tent before calculation of product stoichiometry.
In  Fig. 5 the boron-to-carbon ratio  in  the product, 
(B /C )p  is shown as a function of the boron-to-carbon  
ratio  of the reactants, ( B / C ) r .  O ver the range of ex ­
perim ental conditions investigated, a lin ear dependence 
was observed except w hen the reactant flow rates, 
BCI3/H2 ratios and ( B / C ) r  ratios w ere a ll high. U nder  
these conditions the products contained a substantial 
excess of carbon over B4C. Provided hydrogen was 
present in excess, the (B /C )p  ratio  was large ly  inde­
pendent of the H2/BCI3 ratio. The (B /C )p  ratio  in ­
creased as the reactant flow rate decreased, i.e., as the  
residence tim e increased.
The experim ental data on the conversions of boron 
trich loride and methane to boron carbide show con­
siderable scatter when plotted against reactant com­
position. This scatter is probably due to inefficient re ­
tention of the product by the bag -filter during the 
early  stages of each run. This w ould cause the calcu­
lated conversions of boron trich loride and methane to 
appear too low. A  finer grade of filte r tended to block
causing prem ature term ination  of the run. Significant 
effects w ere identified by a Yates analysis of the orig i­
nal data (17 ). Yates analyses w ere carried out fo r the  
conversions of boron trich loride and methane sepa­
ra te ly  and also the (B /C )p  ratio . The significant effects 
are listed below in  terms of the H2/BCI3 ratio  (a ) ,  the  
boron trich loride flow  rate (i.e., to tal reactant flow  
ra te) (b ) and the CH4/BCI3 m olar ratio  (c ), in  order 
of significance:
1. BCI3 conversion
2 . CH4 conversion
3. (B /C )P
—b, — ab, a 
—ab, —be, —ib 
—c, a, —b
The negative sign indicates that the measured quantity  
decreases as that factor or interaction increases. V a r ia ­
tions in  H2/BCI3 m olar ratio  had as much effect on the  
residence tim e of the reaction as had variations in to tal 
flow rate. This leads to possible ambiguities in  in te r­
pretation of the results.
In  general terms i t  was found that at high boron t r i ­
chloride flow rates ( 1 0 0  g /m in ) the boron trich loride  
conversion remained approxim ately constant at about 
25% over the whole range of reactant compositions, 
w hile the methane conversion decreased both w ith  in ­
creasing methane concentration and increasing hydro­
gen concentrations. A t lo w  boron trich loride flow rates 
( 2 0  g /m in ), however, the reverse effect occurred w ith  
both the boron trich loride and methane conversions in ­
creasing as both the methane and hydrogen concentra­
tions increased (F ig . 6 ) .
W hen the flow rates of each reactant composition 
w ere varied, it  was found that fo r hydrogen-deficient 
compositions (H2/BCI3 =  1) the amount of reaction  
taking place was approxim ately independent of the  
residence tim e. W hen the hydrogen was present in  ex­
cess, the amount of reaction increased w ith  tim e, the  
increase becoming more pronounced as both the C H 4 /  
BCI3 and H2/BCI3 ratios increased.
. Production rates varied  w ith  reaction conditions and  
no attem pt has yet been made to optim ize this process 
fo r the production of boron carbide. Production rates 
of about 250 g /h r  w ere achieved during the course of 
this experim ental w ork.
Crystallographic Results
W hen boron trich loride is reduced w ith  hydrogen in  
a therm al r f  plasma, /3-rhombohedral boron (the high  
tem perature fo rm ) is obtained (18, 19). The addition of 
sm all amounts of m ethane to the system yielded a 
product shown by x -ra y  diffraction analysis to contain 
both /3-rhombohedral boron and boron carbide (a -  
rhombohedral boron structure). The presence of /3- 
rhombohedral boron was detected in  a ll samples w ith  
carbon contents from  6 . 2  w /o  (the lowest prepared) 
to 10.9 w /o  and in  some other samples w ith  carbon con­
tents up to 13.9 w /o . Free graphite was detected in  
all but one of the samples w ith  carbon contents in  
excess of 21.5 w /o .
The position of the boron carbide peak correspond­
ing to the ( 0 2 1 ) reflection was determ ined as a function  
of the carbon content of each product (F ig . 7 ). D uring
•  BCl, =  20 g /m in o BCI3 =  60 g /m in
Fig. 5. B/C molar ratio in 
products vs. B/C molar ratio in 
reactants. Argon flow rate, 40 
liters/m in; plasma power, 20 
kW.
* BCI3 = 100 g/m in
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Fig. 6 . Reactant conversion vs. 
(BCI3/C H 4) molar ratio. Argon 
flow rate, 40 liters/m in; plasma 
power, 20  kW.
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these measurements it  was found that, fo r th ick layer  
samples of each product (-— 1.5 m m ), the diffraction  
peak was distorted and the apparent peak position was 
too low. This was explained (20) as being due to ab­
sorption and m ultip le reflection of the incident rad ia ­
tion by elements of low  atomic num ber in  samples 
th icker than about 50 /tin. The boron carbide peak posi­
tion was remeasured using th in  layer samples obtained  
by painting a s lurry  of each product in  acetone onto a 
glass slide. This method led to greatly  reduced sensitiv­
ity , but produced sym m etrical peaks whose position 
could be measured w ith  an accuracy of ±  0 .0 2 ° 26.
The displacement of the boron carbide peak position 
in  samples w ith  low  carbon contents towards higher 
values of the diffraction angle is consistent w ith  the  
evidence that these samples also show the presence of 
free boron. Thus the boron carbide peak in  these sam­
ples w ill have arisen from  crystallites w ith  a higher 
carbon content than the sample as a whole.
L ine broadening measurements carried out on five 
samples indicated that the crystallite sizes of both  
boron carbide and /3-rhombohedral boron lay  in  the 
range 200-300A.
Figure 8  shows an electron micrograph of a typical 
product w ith  the composition B 4 C.
Discussion of Plasma Results
A t  this stage in  the w ork, any mechanism fo r this 
reaction would be speculative. A  num ber of interesting  
features, however, deserve comment.
1 . W ork on the B C I3 / H 2  reaction ( 1 ) has suggested- 
that boron trich loride dissociates com pletely and re -  
versibly under plasma conditions yield ing m ain ly  BC1 
and chlorine but also B C I2  and B atoms. Hydrogen, in  
contrast, is known not to dissociate more than a few  
per cent in  the plasma. M ethane is assumed to give 
C H 3- as a p rim ary  product ( 2 1 ) w hich then combines 
to give C2  compounds. These lose hydrogen, and the  
m ain product is acetylene formed v ia  C2 H \
2. The therm al dissociation of m ethane is inhibited  
by hydrogen ( 2 2 ) and the effect is said to be propor­
tional to [H ]4. Presumably i t  acts by displacing to the 
le ft the equ ilibria  involved in  the hydrogen loss proc­
esses. I f  the therm al decomposition of m ethane and the 
form ation of such species as C 2 H - w ere im portant in  
the reaction, then addition of hydrogen to the C H 4 /  
B C I3  reaction m ixtu re  should suppress C 2 H - form ation  
and hence increase the (B /C )p  ratio. F igure 5 shows 
that this is qualita tive ly  true at low  proportions of h y ­
drogen, although the effect is not as large as one would
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Fig. 7. XRD study of plasma B4C. 26 values of the (021) reflection vs. carbon content. O  B°ron carbide, •  boron carbide containing 
free graphite, ^  boron carbide containing free boron, - - - Ref. (23).
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Fig. 8 . Electron m icrograph of B4C. (X40,000).
expect, and that in the presence of excess hydrogen 
additional hydrogen has virtually no effect. It is possi­
ble that removal of C2H' by a reaction to give a boron 
carbide might swing the equilibria back to the right, 
but it is unlikely that this would balance the contrary 
effect of hydrogen. Examination of the reaction b y­
products for traces of acetylene etc. should provide a 
crude test of this.
3. The formation of dichloroborane is difficult to ex ­
plain simply. The reaction
BCI3 +  H 2 -> BHCL +  HC1
is attractive but does not explain why dichloroborane 
is formed in BCI3/C H 4 plasmas and in BCI3/CH 4/H 2 
plasmas but not in BCI3/H 2 plasmas. As the chlorina­
tion of methane would require several steps, it is rea­
sonable to suppose that dichloroborane is formed from  
a boron compound which already contains two atoms 
of chlorine, i.e., BCI3 or BC12. Exchange reactions of 
the type
BCI3 +  CHX -> BHCL +  CHx- i  Cl
are prim a facie  unlikely and would lead to chlorinated 
hydrocarbons in the reaction products which we have 
been unable to detect. However, processes of the type
BCL +  CHX -» BHCL + C H x- i
are much more likely. Hamblyn et al. (18) considered 
that BC12 was only a minor product of the dissociation 
of boron trichloride, but this view  was based on the 
intensity of BCL lines in the emission spectrum. The 
formation of ground-state BC12 would have been over­
looked by this technique.
4. The greatest conversion of boron trichloride to 
boron carbide (93%) was obtained at a low boron tri­
chloride flow rate (20 g /m in ), a high H2/BCI3 ratio 
(8:1), and stoichiometric CH4/BCI3 ratio (1:4). In gen­
eral the amount of reaction taking place increased with  
residence time except under hydrogen-deficient con­
ditions. In the BCI3/H 2 work, it appeared that after the 
boron trichloride has dissociated, the hydrogen acted 
m erely as a scavenger for the chlorine. It is possible 
that in the present work, hydrogen is again scavenging 
chlorine and the B, BC1, and BC12 fragments are react­
ing w ith the CHX species. The idea is supported by the 
observation (Fig. 5) that as the residence time of any 
given reaction mixture increases, so does the (B/C)p 
ratio of the product obtained. This implies that an in i­
tial boron-carbon compound is formed which subse­
quently reacts slow ly with further boron-containing 
species. It may w ell be the reverse of the process by 
which, when boron carbide is heated, boron evaporates 
from the lattice.
Discussion of Crystallographic Results
The results of the x-ray work are in qualitative 
agreement with the results of Glaser, Moskowitz, and 
Post (23) who found that the lattice constant of the 
boron carbide unit cell decreased as the carbon content 
increased. However, the amount of variation was 
greater than they found, and the lim iting carbon con­
tent was found to be 21.6 w /o  as compared with their 
figure of 30 w /o . We attribute the discrepancy to d if­
ferences in experim ental technique mentioned in the 
results section. The change in the d spacing of the lat­
tice corresponded to a change in the b axis from 5.43 
to 5.35A and in the c axis from 12.31 to 12.12A as the 
carbon content increased from 6.2 to 21.6 w /o .
The figure of 21.6 w /o  is significant because it implies 
a compound of formula B4C (carbon content 21.7 w /o ) . 
The structure of this compound was originally deter­
mined by x-ray diffraction analysis (24, 25) and was 
reported to consist of B 12 icosahedra and linear C-C-C  
chains. It was subsequently shown by nmr investiga­
tions (26) that the central atom of the triatomic chain 
was in fact a boron atom, and two distinct phases have 
since been identified; B 13C2, otherwise B i2 (CBC) and 
B12C3, in which one icosahedral boron atom is replaced 
by a carbon atom to give BnC(CBC). Of these two, 
B 13C2 is the more thermally stable and is the only con- 
gruently melting phase.
It has recently been suggested (27) that the phase 
BnC(CBC) is not formed at temperatures below  
1800°C, and possibly below 2500°C, but that a phase of 
composition B 13C3, i.e., (B i2 (CBC)C), containing one 
interstitial carbon atom per unit cell is formed instead. 
This composition has a carbon content of 20.4 w /o , and 
it was stated that all samples with carbon contents 
>  21.0 w /o  contained free graphite. Our results do not 
support this conclusion. Figure 7 includes five points 
obtained from samples containing more than 20.4 w /o  
carbon (four of them containing more than 21.0 w /o  
carbon) none of which show the presence of free 
graphite. The point of intersection between the rising 
curve and the horizontal line in Fig. 7 represents the 
point at which the lattice ceases to change. It appears 
to come at a carbon content of 21.7 w /o  corresponding 
to B4C, and to move this point to a carbon content of 
20.4% would not fit so w ell with the experimental data. 
The difference between 21.7 w /o  carbon and 20.4 w /o  
carbon is not large but we feel that the balance of 
probability in this work favors the more conventional 
formula B4C.
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PLATE la. HEXAGONAL CRYSTAL FROM SAMPLE 5 (x 37.5 K)
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PLATE 2b. DIFFRACTION PATTERN OF CRYSTAL IN PLATE 2a.
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PLATE 3. TRIANGULAR CRYSTAL FROM SAMPLE 11 (x 180 K)
PLATE 4a. ROD-LIKE CRYSTALS FROM SAMPLE 5 (x 37.5 K)
PLATE 4b PLATE 4c
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PLATE 4b. DIFFRACTION PATTERN OF ROD SHOWN IN PLATE 4a.
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PLATE 4c. DIFFRACTION PATTERN OF ROD SHOWN IN PLATE 4a.
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PLATE 6a. IRREGULAR CLUSTER FROM SAMPLE 8 (x 67.5 K)
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PLATE 6b. DIFFRACTION PATTERN OF CLUSTER IN PLATE 6a
PLATE 7a QUASI-SPHERICAL BORON-RICH PARTICLES FROM 
SAMPLE 9 (x 37.5 K)
PLATE 7b. DIFFRACTION PATTERN OF PARTICLE CONTAINING 
^-RHOMBOHEDRAL BORON
PLATE 8. TYPICAL PARTICLE SIZE OF SAMPLE 53 (x 37.5 K) 
18.3 wt% C, C = 0.029 sec.
PLATE 9. TYPICAL PARTICLE SIZE OF SAMPLE 29 (x 37.5 K)
16.6 wt % C, X  = 0.064 sec.
PLATE 10. TYPICAL PARTICLE SIZE OF SAMPLE 5 (x 37.5 K)
18.5 wt% C, X  = 0.131 sec.
PLATE 11. TYPICAL PARTICLE SIZE OF SAMPLE 9 (x 37.5 K)
7.8 wt% C, X =  0.107 sec.
PLATE 12. TYPICAL PARTICLE SIZE OF SAMPLE 10 (x 37.5 K)
8.5 wt% C,^ = 0.106 sec.
PLATE 13. TYPICAL PARTICLE SIZE OF SAMPLE 12 (x 37.5 K)
21.3 wt% C, rL= 0.105 sec.
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